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ON  THE  OPTICAL  CONDITIONS  REQUIRED  TO 
SECURE  MAXIMUM  ACCURACY  OF  MEASURE- 
MENT IN  THE  USE  OF  THE  TELESCOPE  AND 
SPECTROSCOPE. 

By  F.  L.  O.  Wads  worth. 
{Continued  from  p.  2QQ,  Vol.  16 ,  December  1 go 2.) 

B.  Causes  of  asymmetry  in  the  image  of  Class  B  may  be 
subdivided  as  follows: 

B  (1).  Lack  of  resolving  power  due  to  (a)  small  aperture, 
(b)  imperfect  definition,  or  (c)  imperfect  achromatism. 

B  (2).   Errors  of  adjustment  of  focus. 

B  (3).  Errors  due  to  an  asymmetrical  arrangement  or  use  of 
the  instrument  itself.. 

B  (4).   Errors  due  to  erroneous  or  imperfect  design. 

B  (1).  A  frequent  cause  of  error  in  the  measurement  of  the 
position  of  a  point  or  line  source  is  an  unsymmetrical  broadening 
of  the  image  by  the  superposition  upon  it  of  another  image  of  a 
second  fainter  source  too  close  to  the  former  to  be  clearly 
"resolved." 

If  the  two  sources  vibrate  independently  and  have  intensities 


F.  l.  o.  wads  worth 


ixy  i„  the  distribution  in  intensity  in  the  superposed    images    is 
represented  by 


.  sin2£       .  sin3(£  —  k) 


(54) 


k  being   the   angular   interval   between   the  centers   of   the   two 
sources,  and  £,  the  angular  distance  of  any  point  in  the  image 

I 


from  the  center  of  the  geometrical  image  of  the  principal  source 
5,.  An  example  of  the  image  of  such  a  double  source  is  shown 
in  Fig.  9.  The  dotted  lines  represent  the  separate  diffraction 
images  of  the  two  sources,  the  full  line  the  resulting  focal  image 
of  the  two  together. 

In  measuring  the  position  of  such  an  image  the  reference 
cross-wires  are  always  set  too  far  to  the  right  in  the  figure,  /.  e.f 
toward  the  smaller  component,  by  an  amount  depending  on  its 
intensity  in  comparison  with  that  of  the  principal  source.  Exam- 
ples of  errors  of  measurement  of  this  kind  are  found  in  the 
determinations  of  position,  proper  motion,  and  parallax  of  very 
close  double  stars.1     Similar  errors  in  the  determination  of  wave- 

1  Certain  interesting  cases  of  this  kind  which  seem  to  have  escaped  attention  will 
be  considered    fully  in    a  subsequent   paper.      (Note    added   January   190,3.)     One  of 
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lengths  of  spectral  lines  have  been  frequently  noted.1  The  only 
way  in  which  such  errors  can  be  detected  and  corrected  is  by  the 
use  of  higher  resolving'  power,  by  which  the  two  components 
may  be  separated  and  measured  separately.  It  appears  probable 
from  the  work  of  Michelson9  and  the  more  recent  work  of 
Perot  and  Fabry,3  that  by  the  use  of  sufficiently  high  resolving 
powers  a  large  number  of  the  lines  which  are  now  regarded  as 
single  will  be  resolved  into  two  or  more  components,  in  many 
cases  of  very  unequal  intensity. 

In  this  case  the  error  of  setting  the  cross-wires  is  a  real  one, 
for  the  reason  that  we  desire  to  determine  in  our  measurements 
the  position  of  one  of  the  components  of  the  double  source 
(generally  the  brighter  one)  and  not  the  mean  position  of  the 
two.  If  we  know  the  separation  of  the  two  sources  and  their 
relative  magnitude,  we  may  indeed  correct  the  results  of  the 
measurements  of  the  double  source  so  as  to  give  with  a  fair 
degree  of  approximation  the  true  position  of  either  component. 
In  general  the  setting  of  the  cross- wire  on  such  an  asymmetrical 
image  as  is  here  being  considered  will  be  a  compromise  between 
the  tendency  to  set  on  the  point  of  maximum  intensity  0,  Fig. 
9,  of  the  compound  diffraction  image  and  the  point  0\  midway 
between  those  points  of  equal  intensity  mm,  which  are  just 
perceptible  to  the  eye  of  the  observer.      In  the  case  represented 

in  Fig.  9,  in  which  k=-  -a0and  ix=  2/af  the  setting  of  the  cross- 
wire  would  be  about  r  =  a  -+-  0.4 k. 

:he^e  cases  was  recently  investigated  by  Comstock,  whose  paper,  "The  Motion  of  S; 
Pc^asz^  was  read  on  December  30,  1902,  at  the  recent  meeting  of  the  Astronomical 
an«i  Astrophysical  Society  in  Washington. 

'For  example,  see  Rowland's  "Table  of  Standard  Wave-Lengths;  "  Kayser 
and  ku.VGE,  "Ueberdie  Spectren  der  Elemente,"  Abh.  d.  K.  Akad.  d.  /J'.,  Berlin, 
1S88-1892  ;  Hasselberg,  "Untersuchungen  u.  d.  Spectra  der  Metalle,"  Kongl: 
Svenska  Vet.  Akad.  Handlingar%  1894-1898;  Kayser,  "Influence  of  Slit-Width  on 
Co  net  Spectra,"  A.  N.t  3217;  A.  and  A.-P.,  13,  367;  Hartmann,  "Wave-Length  of 
the  Nebular  Lines,"  Astrophysical  Journal,  15,  292;  Wright,  ibid.,  16,  57,  etc. 

**•  Application  of  Interference  Methods  to  Spectroscopic  Measurements,"  Phil. 
M*Z-*  (5)  34>  28°- 

*Bull.  Astron.,  16,  5  ;  Astrophysical  Journal,  9,  87;  Jour.  Phys.%  (3)  9,  369  ; 

ASTROPHYSICAL  JOURNAL,  15,  73,  etc. 
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The  corrected  reading  for  Sx  is,  therefore, 

a  =  r  —  o.4K  ,  (55) 

and  for  S2  similarly 

a  -{-  k  --  r  -\-  o.6k  .  (56) 

B  (2).  Displacements  due  to  imperfect  adjustments  for 
focus. 

In  considering  errors  of  measurement  due  to  this  cause  alone 
we  shall  at  first  assume  optical  conditions  to  be  such  that  the 
wave-front  which  forms  the  image  is  symmetrical  and  concentric 
about  the  optical  axis  on  which  the  image  is  formed  ;  i.  e.t  that 
there  is  no  unsymmetrical  aberration,  either  spherical  or  chro- 
matic, and  no  eccentricity. 

When  these  conditions  are  fulfilled  a  change  of  focus  should 
result  simply  in  a  symmetrical  expansion  of  the  diffraction  disk 
or  band,  which  represents  the  physical  image  of  a  point  or  line.1 
The  center  of  each  image  will  remain  fixed  on  the  secondary 
optical  axis  joining  the  center  of  the  geometrical  image  with  the 
optical  center  of  the  lens  system.  Under  such  conditions  the 
separation  of  any  two  such  images  at  the  focal  distance  z  from 
the  optical  center  of  the  objective  is 

£  ---   2  3  sin      ,  (57) 

where  /c,  as  before,  is  the  angular  separation  of  the  two  images. 
Whence  for  any  change  in  z 

K  t 

</$  -    2  si  n  -  dz  --  =  Ktiz    -dz-    .  (  z$) 

2  z 

This  expression  is  entirely  independent  of  /,  the  true  focal 
length  of  the  instrument,  and  hence  if  z  could  always  be  main- 
tained constant,  dz  and,  therefore,  d%%  would  be  zero,  no  matter 
what  the  absolute  value  of  z  might  be.  This  is  only  possible 
under  absolutely  constant  temperature  conditions.  When  the 
temperature  changes,  z  will  also  change,  first,  on  account  of  the 
thermal  expansion  or  contraction  of  the  telescope  tube,  and, 
second,  on  account  of  the  mechanical  refocusing  which  may  be 
necessary  in  order  to  compensate  for  the  corresponding  tempera- 

'This  is  a  common  way  of  testing  the  excellence  either  of  an  objective  or  of 
atmospheric  conditions. 
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ture  change  in/.     We  can  best  consider  these  two  effects  sepa- 
rately. 

I.  The  change  in  z,  due  to  the  thermal  change  in  the  length 
of  the  telescope  tube,  for  a  difference  of  temperature  A/  will  be 

8 
dt 

di 


K 

2  sin  - 

2 


where  a  is  the  coefficient  of  expansion  of  the  material  of  which 
the  telescope  tube  is  made.  But  we  have  also  a  similar  change 
in  the  scale  of  the  measuring  or  recording  device  at  the  focal 
plane,  which  amounts  to 


—  d£'=—  a'  (22  sin-) 


The  apparent  change  in  the  separation  of  the  two   images  as 
indicated  by  the  reading  of  the  instrument  is  therefore 

d(+{-d£')  =  2zs\n*-(a-a')±t  =  ±J  .  (59) 

If  the  material  of  the  micrometer  screw  or  reference  scale 
is  the  same  as  that  of  which  the  telescope  tube  is  constructed, 
then  a'  =  a  and  AmI*  =  o;  i.  e.y  in  this  case  the  measured  separa- 
tion of  the  images  at  the  focal  distance,  z,  remains  the  same  at 
all  temperatures. 

If  the  position  of  the  images  is  first  recorded  photographi- 
cally on  a  sensitive  plate,  and  afterward  measured  by  a  com- 
parator or  similar  device,  we  have  to  consider  not  only  the 
relative  expansions  of  the  glass  plate  and  the  telescope  tube,  but 
also  those  of  the  plate  and  the  scale  or  screw  of  the  comparator. 
In  this  case  the  total  change  in  the  measured  distance  as  indi- 
cated by  the  reading  of  the  comparator  at  a  temperature 
7=4  +  A7is 

&#=2*sin-{(a-a')A/+(a'-a'')A'/}    .  (6o) 

/  2 

In  order  to  make  (6o)  vanish  we  must  have 

(a-a')A/=(a"-a')  ±' t  . 
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This  condition  may  be  satisfied  in  one  of  three  ways:  (#)  by 
making  a"  =  a  and  A'/  =  A/;  *.  *.,  by  making  the  screw  or  scale 
of  the  comparator  of  the  same  material  as  the  telescope  tube 
and  measuring  the  plate  at  the  same  temperature  at  which  it  was 
photographed.  This  plan  is  generally  neither  convenient  nor 
practicable;  {b)  by  controlling  the  temperature,  T,  of  measure- 
ment, so  that  for  given  values  of  a,  a'  and  a"  we  always  fulfill  the 
relation 

^  a    —  a' 

a    —  a 

This  is  also  inconvenient  and  troublesome,  although  less  so  than 
the  preceding;  (c)  by  making  a  =  a'  =a"  ;  i.  e.,  by  constructing 
both  the  telescope  tube  and  the  comparator  scale  of  glass  or 
platinum.  This,  while  impracticable  for  large  telescopes,  is  not 
at  all  so  for  small  ones,  such  as  are  used  for  spectroscopes. 

Instead  of  attempting  to  make  the  correction  (60)  vanish  we 
may  simply  determine  its  amount  and  apply  it  to  the  measure- 
ments. In  this  case  we  need  to  determine  the  degree  of  accu- 
racy with  which  the  temperatures  4,  /,  and  T  must  be  known. 
This  is  easily  done  by  equating  the  differential  of  (60)  with  the 
limiting  value  of  e  expressed  in  linear  measure,  /.  e.% 

This  gives  at  once  from  (60)  and  (14) 

i!(a-a')Ar-Ha'-a'')A'/S.//,-A-    .  (61) 

The  values  of  a,  a' ,  and  a"  for  brass,  glass,  and  steel  (the 
materials  usually  employed)  are  respectively 

a  ^0.000018  a''=  0.000008  a"  =  o.OOOOlo. 

In  case  of  the  Mills  spectrograph  the  aperture  b  is  about 
3.7cm.      Hence  for  an  angle  k  =  i?5  —  0.027  l  we  have  for  (61 ), 

and  if  we  assume  that  it  is  equally  easy  to  measure  all  three 
temperatures,  4,  A  and   T,  (62)    indicates  that  the  error  (which 

1  See  Table  II  of  this  paper. 
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must  be  taken  without  regard  to  sign),  in  determining  any  one 
of  them  must  not  exceed  i?6.  It  is  generally  possible  to  be  cer- 
tain of  all  these  temperatures  to  this  or  even  a  higher  degree  of 
accuracy,  and  it  is  therefore  usually  better  to  observe  them  and 
correct  the  observed  readings  of  the  comparator  than  it  is  to 
attempt  to  eliminate  the  corrections  by  any  of  the  methods  indi- 
cated in  the  preceding  paragraph. 

2.  Effect  of  re  focusing :  In  large  telescopes  the  alteration  of 
the  true  focal  length,  /,  for  a  given  change  in  temperature  is 
so  much  greater  than  the  corresponding  thermal  alteration  in  z 
alone,  that  it  is  necessary  to  refocus  the  eyepiece  or  plate  x  in 
order  to  obtain  good  definition.  Such  refocusing  is  also  essen- 
tial, as  will  be  shown  later,  even  in  small  instruments,  if  there  is 
any  unsymmetrical  aberration  or  eccentricity  in  the  incident 
wave-front.      In  such  cases  we  have 

dz  =  ^-(z  +  dQ)+dQ 
at 

_   <%  K  3) 

2sin- 

2 

where  rffl  represents  the  actual  mechanical  movement  of  the  eye- 
piece or  plate  in  refocusing.  The  change  in  the  separation  of 
the  two  images  at  the  new  focal  plane,  as  indicated  by  the 
micrometer  screw  or  comparison  scale,  now  is 

Af=2(2  +  rfO)sin^j(a-a')A/+r^j|    ,  (64) 

and  in  the  case  of  comparator  readings  on  photographs 

«=2(»  +  ^O)8in^|(a-a0A/+^-^6+(a/-a'')A'/|   .      (65; 

If  we  assume  that  the  terms  of  (64)  and  (65)  which  represent 
temperature  corrections  are  computed  as  before  and  applied  to 
the  measurements,  we  have  left  to  consider  only  the  effect  of 
the  term 

2*ZO  •  sin  -  =  KdQ  . 
2 
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In  order  that  this  may  be  computed  also  with  the  same  degree 
of  accuracy  as  already  assumed  we  must  have 

d{dQ)^£  =  -±r  ,  (66) 

V  J   —     K  30/JK 

y8  being  the  semi  angular  aperture. 

The  degree  of  accuracy  which  it  is  necessary  to  observe  in 
refocusing  (i.e.,  in  determining  the  amount  of  mechanical  shift 
of  the  eyepiece  or  plate  with  reference  to  the  telescope  tube)  is 
therefore  independent  of  the  size  of  the  instrument  and  depends 
only  on  its  form  (i.e.,  its  angular  aperture),  and  the  angular 
separation  of  the  two  objects  measured.  We  will  determine 
what  this  is  in  a  few  cases  of  particular  interest. 

For  large  visual  telescopes  and  heliometers,  y8  ^  0.027.  Hence 
for  *  =  o?35  =0.0061/  and  \  =  0.000056  cm., 

</(</(])  -o.oicm^ in.  (67) 

250  " 

For  photographic  telescopes  and  concave  gratings  of  sufficiently 

long  focus  to  give  full  photographic  resolution  /3  ^  I/so  =  0.013. 

The  field  tc  is,  however,  correspondingly  larger.     For  Rowland's 

concave  gratings,  for  example,  tc^  0.074  (more  than  40).      For 

such  cases  therefore 

(lidtiy-S.  0.002  cm   ,  (68) 

or  less  than  one  one-thousandth  of  an  inch. 

From  the  above  results,  (66),  (67),  and  (68),  it  would  appear 
necessary  that  the  focusing  scales  of  large  telescopes  designed 
for  micrometric  or  heliometric  work  should  be  provided  with 
verniers  capable  of  reading  to  0.1  mm,  while  those  for  the  view 
telescopes  of  large  spectrographs  and  spectrometers  should  be 
capable  of  reading  to  at  least  Vsomni. 

The  accuracy  of  focusing  demanded  in  all  these  cases  is  con- 
siderably higher  than  is  usually  considered  necessary,  or  is 
attained.  It  is,  of  course,  far  in  excess  of  either  visual  or  photo- 
graphic requirements  on  the  standard  of  either  resolution  or 
general  optical  definition.       But  as  we  have  already  stated,  this 

1  This  is  the  limit  imposed  by  considerations  of  aberrational  distortion  in  the  case 
of  the  Lick  and  Verkes  telescopes  (see  Table  II).  This  limit  has,  however,  been 
exceeded  in  a  number  of  cases  of  individual  measures  with  these  instruments. 
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standard  is  an  inadequate  and  unsafe  one  to  apply  as  a  test  of 
the  accuracy  of  an  optical  instrument. 

In  the  case  of  a  telescope  used  as  a  collimator  the  accuracy 
of  focusing  necessary  depends  on  the  nature  and  method  of  use 
of  the  instrument. 

In  general,  any  lack  of  exact  collimation  may  be  compen- 
sated by  altering  the  focus  of  the  observing  telescope,  and  if  the 
change  in  the  latter  is  not  objectionable  and  everything  remains 
symmetrical  with  respect  to  the  axis  of  collimation,  no  error  can 
be  thus  introduced.  In  the  case  of  prism  spectroscopes,  however, 
the  condition  of  symmetry  with  respect  to  the  x  axis  cannot  be 
fulfilled,  and  any  divergency  or  convergency  in  the  beam  of 
light  coming  from  the  collimator  objective  will  result  in  the 
introduction  of  an  unsymmetrical  aberration  in  the  wave-front 
traversing  the  prism  train,  the  amount  of  which  will  depend  on 
the  curvature  of  the  incident  wave  front,  the  optical  perfection 
of  the  prisms  themselves,  and  the  angles  of  incidence  on  the 
successive  faces  of  the  prisms. 

The  simplest  case  to  consider  is  that  in  which  the  axis  of  the 
incident  wave-front  traverses  the  train  at  minimum  deviation,  the 
faces  of  the  prisms  are  optically  plane,  and  the  material  of  which 
they  are  composed  is  of  uniform  optical  density.  The  amount 
of  longitudinal  aberration  produced  by  the  passage  of  a  cone 
of  light  of  semi-angular  aperture  0  through  a  single  prism  under 
the  conditions  assumed  above  has  been  calculated  by  Rayleigh, 

who  finds  f 

tan/        (n*  —  i) 

6v  =  \vu —t   •   - — -  ,  (69) 

J      cos9/  «a        '  v    " 

where  i  and  i'  are  the  angles  of  incidence  on  the  first  and 
second  faces  of  the  prism  and  u  is  the  radius  of  the  spherical 
wave-front. 

We  have  also  the  relation 2 

8v=^,  (70) 

1  Rayleigh,  Phil.  Mag.,  (3)  g,  40-49.  See  also  "Theory  of  the  Ocular  Spectro- 
scope," ASTROPHYSICAL  JOURNAL,  16,  2,  July  I902. 

•Rayleigh,  Phil.  Mag.,  (3)  8,  411.  The  result  there  given  is  for  a  symmetrical 
aberration  depending  on  x4.  For  an  unsymmetrical  aberration  depending  on  x*  the 
numerical  factor  in  the  numerator  is  3,  not  4. 
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where  y8is  the  semi-angular  aperture  of  the  cone  of  rays  emerging 
at  the  second  face  of  the  prism.  Hence  if  we  denote  the  aper- 
ture of  the  collimator  by  b  and  the  length  of  path  of  the  central 
ray  through  the  prism  by  L,  we  have 

*-^'*^— »(.--kz)-         (,.) 


Also 

whence 

and 


2V  2(it-\-//L) 


I 


„_      /(/+40 
df 


(72) 
(73) 


,==    2i/>  +  v^iWi  '  (74) 

In  most  cases  the  quantity  (/—  ;/L),  which  represents  the  dif- 
ference between  the  principal  focal  length  of  the  collimator  and 
the  optical  path  of  the  central  ray  through  the  prism,  is  so  small 
that  the  second  term  of  the  denominator  in  (74)  is  vanishingly 
small  compared  to/a  and  may  be  neglected. 

We  then  obtain  at  once  from  (69),  (70),  (71),  and  (74) 

*~P    /        cos-/'  //■        '  l75) 

where  #  as  before  denotes  the  semi-angular  aperture  of  the  col- 
limator objective. 

The  limiting  value  of  df  will  be  found  by  equating  (75)  and 
( 14),  which  gives 

d/=~-—  /8"\i8tan7  (>-,")•  ^ 

It  we  neglect  the  successive  changes  of  the  second  order  in 

the  value  of  0,  which  are  indicated  in  (71),  we  have  similarly  for 

iV  prisms 

EX^NE  , 

•••  */^--V  (77) 

In  the  case  of  a  spectrometer  which  has  a  collimator  of  focal 
length/=  I oocm  and  aperture  b  —  5  cm,  and  a  prism  train  consisting 
of  a  single  6o°  prism  of  light  flint  of  index  1 .6  for  \  =  0.00005600, 
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we  have  0=  0.025,  1=53°  7'  48",  and  i'  =30°.  For  this  case 
then 

df=±  4.55  cm  ,  (78) 

which  shows  that  under  the  conditions  assumed  above  a  very 
considerable  range  is  permissible  in  focusing  the  collimators  of 
even  very  large  spectrometers. 

This  conclusion  is  so  at  variance  with  the  commonly  accepted 
statement  that  an  accurate  focusing  of  the  collimator  is  very 
important1  that  it  is  liable  to  be  misinterpreted  unless  carefully 
considered.  It  is  only  true  when  the  minimum  deviation  condi- 
tion is  strictly  fulfilled.  It  is  necessary  therefore  to  consider, 
first,  the  degree  of  accuracy  with  which  the  various  parts  of  the 
spectrometer  train  may  be  adjusted  and  maintained  in  their 
correct  relative  positions,  and  second,  the  amount  by  which  a 
given  error  in  adjustment  will  affect  the  results  given  in  (75) 
and  (76). 

With  any  given  instrument  it  is  always  possible  by  simple 
hand  adjustment  alone  to  bring  the  prism  to  a  position  of  mini- 
mum deviation  with  an  error  not  exceeding  that  which  would 
produce  a  displacement  of  the  image  equal  to  e,  the  metrological 
power  of  the  view  telescope.  The  relation  between  the  angular 
displacement  6  of  the  prism  from  the  position  of  minimum  devi- 
ation and  the  resulting  change  in  deviation  of  the  central  ray 
has  been  determined  by  the  writer,  who  finds  for  small  values 
oiO? 

/        P\  sin-(«a-i) 

A  =  A0+sin-IWi+-J 


4>  <t> 

n  cos'  —  A  j  1  —  n9  sin*  — 


(79) 


or  8=A-A,^r    sin '". ,  •  <£zlT\ ^  at 

Lcos  /  COS3  /  //a       J 

where  A<,  is  the  angle  of  minimum  deviation   of  the  ray,  and  A 
1  See  for  example  Schuster,  Enc,  Brit.,  article  "Spectroscopy;"    Hartmann, 

ASTROPHYSICAL  JOURNAL,  12,  36;   FROST,  ASTROPHYSICAL  JOURNAL,  15,  I  5,  etc. 

*Astrophysical  Journal,  2,  280.    The  expression  there  given  is  in  error.    The 
term  ^  1  —  »a  sin*—  should  appear  only  in  the  denominator  and  not  in  the  numerator. 
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the  deviation  when  the  prism  has  been  displaced  from  the  correct 

position  for  Aq  bv  an  angle  0.     If,  therefore,  we  put  8  =  c  ^ 

we  have  for  u 


0  ~  -n  cos  /  x  - r,— , 

4  \d  tan  /  (»J  —  i) 


(8o) 


an  expression  very  similar  to  (76).  For  the  case  of  the  spec- 
trometer above  considered 

6  —  0.0008  =  3'  • 

This  is  about  as  accurately  as  the  prism  can  be  maintained  at 
minimum  deviation  with  the  ordinary  sliding  link  movement, 
unless  great  care  is  taken  in  its  construction.  With  such  a 
device  therefore  it  is  useless  to  set  the  prism  with  any  greater 
exactness  than  is  indicated  above. 

If,  however,  we  use  a  pivoted  link  minimum  deviation  device 
or,  better  still,  a  fixed  arm  prism  train,1  we  can  control  the 
movement  of  the  prism  much  more  accurately  and  can  then  use 
a  more  accurate  method  of  initial  setting,  for  example  a  theodo- 
lite, with  advantage.  We  may  thus  with  ease  increase  both  the 
initial  and  continuous  accuracy  of  adjustment  at  least  three  times, 
i.  e.%  we  can  reduce  0  to  not  more  than  1 '. 

It  is  next  necessary  to  determine  the  effect  of  a  given  value 
of  0  on  the  aberration  as  given  by  (69)  or  (75). 

The  expression  for  the  longitudinal  aberration  produced  by 
the  passage  of  a  cone  of  light  through  a  prism  placed  in  any 
position  with  reference  to  the  axis  of  the  ray  can  be  deduced 
from  the  general  fundamental  equations  given  bv  Rayleigh  in 
the  paper  to  which  reference  has  already  been  made.  The 
expressions  thus  obtained  arc,  however,  complicated  and  cum- 
bersome to  reduce,  and  for  small  angles  of  inclination  to  the 
position  of  minimum  deviation  the  total  aberration  may  be 
obtained  in  a  more  simple  way  in  the  following  manner: 

Let  caa\  coo",  Fig.  10,  be  the  central  and  edge  rays  passing 
through  the  prism.  Owing  to  the  difference  0  in  the  angles  of 
incidence,  the  total  deviation  of  the  two  rays  in  passing  through 
the  prism  will  differ  from  each  other  bv  a  small  angle  of a' 0"  =f{0) 

1  Phil.  A/(!fr.,($)  38.  337,  October  1X94. 
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which  we  will  call  D.  Since  the  wave-fronts  are  by  suppo- 
sition very  nearly  plane,  the  extreme  edge  aberration  E  between 
the  incident  wave-front  ao  and  the  refracted  wave  front  a' 0'  will 

be 

E  =  o'o*  ^aoD  =  u6D=uef{6)  .  (81) 

1** 


c^r' 


Fig.  10. 


When  the  central  ray  falls  upon  the  first  face  of  the  angle  of 
incidence  i  for  minimum  deviation,  we  have  from  (79) 

/($)  =  $=  Cd>  , 


and 


and  from  (70) 


cos2  /  n2 


hv  =  7$U 


tan  /        (//2  —  1) 


cos2  /' 


«2 


(<S2) 


<*3) 


the  same  expression  as  obtained  by  Lord  Rayleigh.1 

The  method  above  indicated  of  determining  the  aberration 
of  a  prism  applies  not  only  to  the  position  of  minimum  devia- 
tion but  also  to  any  other  position  within  which  equation  (79) 
holds.     When  the  central  ray  is  incident  on  the  prism  at  an  angle 

*It  is  perhaps  worth  while  to  note  that  the  expression  for  the  longitudinal  aberra- 
tion of  a  prism  deduced  by  Abbot  and  Fowle,  Amer.  Jour.  Set.,  (4)  2,  253,  and 
Annals  of  the  Smithsonian  Astrophysical  Observatory,  1,  78-79,  is  based  upon  an 
erroneous  assumption.  If  equation  (12)  of  their  paper  were  correct  there  would  be  no 
aberration,  i.  e.,  the  angular  deviation  of  the  central  and  extreme  rays  would  be  the 
same. 
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other  than  that  for  minimum  deviation,  say  at  an  angle  /  ±  k 

Af=A0+/(*) 

=.-=  A0  +  CV  . 

And   for  the  extreme  ray    incident  at  an  angle  i  ±l  (k-\-0)  we 
have  similarly 

Hence 

/;  =  C(  2*0  +  0")  ,  (84) 

and  the  wave-front  aberration  E  is 

-*^  ■."■;'•  ("■;■)(■-#)• 

As  before  we  obtain  the  limiting  values  of  df  for  a  single  prism 
by  equating  (86)  and  (14).     This  gives  us  after  reduction 


k/  _    //cos/     j  A/  1  6k~/2 

'V'-'p*     ~Ap "   \j3  tan /(//-   -7)  +  ,rcos*/"'    '  ^V 

which  for  large  values  of  k  may  be  reduced  to  the  form 

1  A.  tr  cos2  /" 

df      T-   -         •     ,  .     .       -  -   .  (.VS) 

32  *        p   tan  1  {tr  —  1 ) 

When  the  prism  train  contains  A7"  prisms,  each  of  which  is  out  of 
the  position  of  minimum  deviation  by  the  same  amount  *,  the 
total  aberration  EN  (to  the  same  degree  of  approximation  as 
before)  is  N  times  that  for  a  single  prism.  If  we  call  the  first 
term  under  the  radical  in  {$/)  A  and  the  second  term  By  we 
have  for  AT  prisms 

k(      11  cos  /      .-/ 

""-"p-    ./*  \y  +  B-  ,89) 


For  k  —  o  we  have  as  belor 


e 


and  for  lari^e  values  of  k 


d/.v    -    -  .  (90) 

I    A' 


/'.  t\,  the  effect  of  adding  to  the  number  of  prisms  in  the  train  is 
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greater  as  the  departure  from  the  position  of  minimum  deviation 
increases. 

The  permissible  values  of  ^"both  for  a  single  prism  and  for  a 
train  of  three  prisms  have'been  computed  for  the  spectrometer 
already  considered  (in  which  /=  100  cm,  ft  =  0.025  and  fi  =  1.6 
for  \  =  5600  tenth-meters)  for  a  series  of  successively  increas- 
ing values  of  k  from  k  =  1 '  to#c=io°.  They  are  given  in 
columns  2  and  3  of  Table  III. 

TABLE  III. 


<tfo*V=i 


o 
I ' 

3' 
15' 

30' 
0 

30' 
o' 

I5' 

o' 


cm 
-4-55 
-3-54 
-2.25 
-0.57 
-0.26 


dfK.  A': 


o     o 
o     o" 


—  0 

•5 

—0 

10 

—  0 

07 

— 0 

066 

—  0 

049 

—  0 

02Q 

—  0 

016 

cm 
2.62 

1-77 

0.90 
0.21 
o.  12 
0.06 

0.035 
0.023 
0.022 
0.016 


0.010 
0.005 


df„N=i 


<tfc.A'=3 


o^  30'  o"         0.57 

r  o'  0"       0.2b 

i°  30'  0' 

2°  0'  0" 


0.15 
0.10 

0.07 
0.03 


0.21 
0.  12 

0.06 

0.035 
0.023 


As  k  increases,  the  permissible  values  of  df  decrease,  at  first 
very  rapidly  and  then  much  more  slowly.  For  large  values  of  k 
df  must  be  very  small;  1.  e.,  the  focusing  must  be  very  exact, 
especially  with  several  prisms.  This  is  the  reason  why  Schus- 
ter's method  of  focusing  (in  which  the  prism  is  turned  far  out 
of  the  position  of  minimum  deviation,  first  on  one  side  and  then 
on  the  other)  gives  such  accurate  results.  Thus  Table  III 
shows  that  when  the  displacement  k  is  io°,  errors  of  focusing  of 
only  0.016  cm,  or  of  I  part  in  6,000,  become  manifest  with  a 
single  prism.  It  is  probably  for  this  reason  also  that  the  state- 
ment already  alluded  to  on  p.  u  has  been  so  often  made. 

Further  consideration  of  the  values  of  df  iox  such  values  of  k 
as  may  be  likely  to  occur  because  of  errors  of  adjustment,  shows, 
however,  that  so  far  as  this  cause  is  concerned  we  still  have  a 
very  considerable  latitude  in  the  adjustment  of  the  collimator. 
Thus  if  the  error  of  adjustment  k  does  not  exceed  3',  as  assumed 


1 6  F.  L.  O.   WADSWORTH 

on  p.  12,  the  focusing  of  the  ioocm  collimator  need  not  be 
closer  than  2  cm  for  one  prism  or  0.9  cm  for  three  prisms.  For 
fc  =  i' ,  errors  of  focusing  as  large  as  3.5cm  and  1.75cm  for 
one  and  three  prisms  respectively  may  be  permitted. 

In  the  case  of  the  spectrograph,  in  which  a  considerable 
angular  field  is  under  simultaneous  observation,  it  is  of  course 
impossible  to  adjust  the  prisms  to  minimum  deviation  for  all 
parts  of  the  field  at  once.  If  we  suppose  that  the  prisms  are 
accurately  adjusted  to  minimum  deviation  for  the  central  image 
in  the  field  (wave-length  \Q)  and  that  the  maximum  semi- 
angular  field,  corresponding  to  spectral  images  of  wave-lengths 
\  and  V,  is  Kf  the  amount  tc  by  which  a  single  prism  is  out  of 
minimum  deviation  for  these  wave-lengths  is 

2  2 

and     k  ^     A   . 

2 

The  required  accuracy  of  focusing  is  obtained  as  before  from 
($7).  Values  of  df  for  AT=30\  i°,  2°,  30,  40  and  io°  (*  =  I5' 
to  50)  are  given  in  Table  III,  column  5. 

When  the  prism  train  consists  of  N  prisms  and  the  maximum 
semi-angular  field  is  K v  as  before,  the  amount  by  which  each 
prism  of  the  train  is  out  of  minimum  deviation  is  : 

for  the  first  prism,       k1  ^  -    -   Ky  ; 

3 
for  the  second  prism,  k.,  -—  —-   A'v  : 

1  '  21V 

for  the  third  prism,     k,        —  -   A"A-  ; 

2i  V 
2.V—   I 

and         for  the  A'th  prism,      kv  --  —  ,7—  A  v  . 
1  '  2  A 

The  total  aberration,  E Vf  in  the  train  is,  under  such  circum- 
stances [see  (85) J, 


ks  =-«.?  (,  +  ;-) 


*<**iV-%-K!\» 


(93) 
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and  the  permissible  errors  df  for  the  train  are  therefore  the 
same  as  for  a  train  of  N  prisms  each  of  which  has  an  error  of 
adjustment  k  equal  to 

2 

The  value  of  df  for  this  case  for  three  prisms  and  for  the  same 
semi-angular  fields  as  before  are  given  in  the  last  column  of 
Table  III. 

It  will  be  seen  that  even  far  semi-angular  fields  as  large  as 
2°  (total  40)  the  permissible  range  in  focus  of  a  I  meter  col- 
limator is  nearly  y£  mm,  a  comparatively  large  quantity  com- 
pared to  that  which  expresses  the  permissible  range  in  focus  of 
the  view  telescope.  The  statement  already  made  that  the 
accuracy  required  in  focusing  the  collimator  is  much  less  than 
that  required  in  focusing  the  view  telescope  is  therefore  gener- 
ally true,  not  only  for  single  prism  spectrometers,  but  for  large 
multiple  prism  spectrographs  with  fields  of  30  or  40. 

In  this  latter  case,  however,  the  range  of  focus  is  not  suffi- 
ciently great  to  permit  us  to  collimate  over  more  than  a  limited 
range  of  wave-lengths  or  to  disregard  altogether  changes  in 
temperature  in  the  apparatus.  In  a  well-designed  objective  of 
the  usual  two-lens  type,  of  the  size  and  angular  aperture 
assumed  above,  the  change  in  focus,  dfk%  is  between  0.0004/ and 
o.oooj/*for  a  change  of  wave-length  of  600  tenth-meters  on  each 
side  of  the  minimum  focus.  For  the  three-prism  spectrograph 
having  a  field  of  40  (total)  the  permissible  range  of  focus,  as 
stated  above,  is  about  J^  mm  or  0.00023/"  on  each  side  of  the 
point  of  exact  collimation.  By  setting  the  slit  at  a  point  about 
this  distance  outside  the  minimum  focus  we  can  therefore  col- 
limate the  rays  with  the  required  degree  of  accuracy  over  a 
maximum  total  range  of  nearly  1,200  tenth-meters. x  In  this 
case,  in  order  to  maintain  the  accuracy  of  collimation  over  the 
entire  range  we  must  refocus  the  collimator  for  every  change  in 
temperature.  On  the  other  hand,  if  we  set  the  slit  at  the  exact 
focus  of  the   collimator  for  any  given   wave-length  and  given 

*This  is  a  little  less  than  the  results  claimed  by  Hartmann  with  the  Potsdam 
three  prism  spectrograph.    Astrophysical  Journal,  12,  39. 
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temperature,  ty  the  required  accuracy  of  collimation  will  be 
maintained  for  that  particular  spectral  region  over  a  range  of 
temperature  A/  such  that 

A/-[^s,-7/(^]  =  00002^  = 

or,  since    —(z)=az   and  similarly  -j.  if)  =a" '/  , 

0.00023  ,      . 

A/^ T77    •  (94) 

a  —  a 

For  objectives  of  the  usual  crown  and  flint  glass  the  second 
term  of  the  denominator  a'"  is  about  0.000025  for  i°  C.  For 
brass  and  steel  the  values  of  a  are  about  0.000018  and  0.0000 10, 
as  already  given.     Hence  we  have  for  A/max : 

A/max  ^  1 50  C.  for   steel  a  tube 
A/max  ^  30°  C.  for  a  brass  tube. 

In  general  the  most  satisfactory  procedure  is  to  limit  the 
range  of  wave-lengths  for  which  we  attempt  to  secure  simulta- 
neous collimation  so  as  to  leave  a  certain  range  of  focus  for 
changes  in  temperature.  If  we  content  ourselves  with  collima- 
tion over  a  range  of  600  tenth-meters  (which  in  the  case  of  most 
three-prism  spectroscopes  represents  an  angular  field  of  about 
four  degrees)  we  have  left  to  take  care  of  temperature  changes 
a  range  of  focus  of  about  0.00012/,  which  permits  a  maximum 
temperature  variation 

A/mlx    ^7.5°     for  a  steel  tube 
A7mal  =15°       for  a  brass  tube 

without  refocusing. 

It  is  very  evident  from  (94)  as  well  as  from  our  previous 
considerations  with  reference  to  the  focusing  of  the  view  tele- 
scope that  so  far  as  avoiding  the  effect  of  temperature  changes 
is  concerned,  brass  is  a  much  more  satisfactory  material  than 
steel  to  use  for  telescope  tubes.  Indeed  it  is  possible  by  using 
this  metal  in  conjunction  with  suitable  varieties  of  glass  to  obtain 
almost   perfect  equality  between   the  temperature  coefficient  of 
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expansion  a'  and  the  corresponding  temperature  coefficient  of 
focal  length  a'"  so  that  the  range  A/  of  (94)  may  be  increased 
and  the  quantity  d£lot  (63)  reduced  to  zero.  Two  troublesome 
adjustments  and  errors  are  thus  avoided.  The  more  detailed 
results  of  this    investigation  will  be  given  in  a  subsequent  paper. 

[To  be  concluded.] 


RESEARCHES  ON    THE  ARC-SPECTRA  OF  THE 
METALS. 

VI.     SPECTRUM  OF  MOLYBDENUM. 

By  B.  Hasselberg. 

(Concluded  from  p.  j  1 g,  Vol.  i6%  December  i go 2.) 

RESULTS    OF    OBSERVATIONS. 

After  thoroughly  taking  into  account  the  above  comparisons 
I  have  collected  in  the  following  catalogue  the  wave-lengths  of 
those  lines  of  the  arc-spectrum  molybdenum  which  must  be 
ascribed  to  this  metal  as  far  as  may  be  judged  at  present.  It 
will  not  be  suprising  if  there  should  be  among  them  doubtless  a 
few  and  perhaps  many  which  further  investigation  will  show-  to 
be  foreign  lines,  in  view  of  the  richness  of  the  spectrum;  nor  if 
the  use  of  stronger  currents  should  make  it  possible  to  increase 
considerably  the  number  of  lines  characteristic  of  the  metal. 
The  corrections  and  additions  resulting  under  such  circumstances 
can,  however,  refer  only  to  the  faintest  lines,  and  it  may  there- 
fore be  hoped  that  this  catalogue  represents  all  of  importance  in 
respect  to  the  spectrum  of  the  metal. 

In  regard  to  the  arrangement  of  the  catalogue  nothing  needs 
to  be  added  to  what  I  have  said  in  my  previous  papers.  It  may 
only  be  recalled  that  as  before  the  wave-lengths  given  are  the 
means  of  the  results  of  two  wholly  independent  series  of  meas- 
ures, made  on  different  plates,  the  internal  agreement  of  which 
may  be  designated  as  satisfactory  in  every  respect.  The  devia- 
tions of  the  values  of  the  two  series  from  each  other  are  as 
follows  : 

Tenth-  Tenth- 

Meters    j  Meters 

In  330  cases  -    -    -    -  0.00  In  10  cases  -    -        -  0.06 

In  462  cases    -    -    -    0.01  In  2  cases  -    -    -    0.07 

In  236  cases          -    -  0.02  In  3  cases  ...    -  0.08 

In  Q3  cases   -    -    -    0.03  '  In  3  cases  -    -    -    0.09 

In  45  cases  -    -    -    -  0.0  j.  In  1  case  -    -    -    -  0.10 
In  16  cases   -    -        0.05  ' 
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Hence  the  cases  in  which  this  deviation  exceed  the  value  of 
0.02  constitute  only  about  14  per  cent,  of  the  whole.  The 
probable  error  of  a  wave-length  therefore  would  in  general  not 
reach  the  amount  of  0.02,  an  estimate  which  is  shown  to  be 
practically  correct  by  other  circumstances  as  will  be  shown 
below. 
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I                           1 

3785.67 

1.2 
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Mo 

R. 

1 

A 

Mo     O 

3786.54 

I 

88.42 

2 

94.60 

2  — 

95.48 

1  + 

96.19 

I  .2 

96.45 

1+ 

97.20 

I  .2 

97.46 

2  — 

3798.39 

10 

1 

3800.28 

3801.82 

1+ 

02.00 

2-3 

02.35 

1+ 

04.70 

2 

06.15 

2 

07.82 

I 

08.O4 

I 

08.79 

I  .2 

10.31 

1  + 

10.99 

I 

".56 

I  .2 

12.63 

2 

I4.64 

■+ 

15-24 

I  .2 

17-37 

I  — 

18.83 

2  — 

19.98 

2-3 

21 .09 

1.2 

21.82 

I 

22. 14 

I 

23-17 

3823.65 

2+, 

1 

24-34 

1.2; 

24.94 

I  .2 

25.50 

1  .2 

25.63 

1  + 

26.8s 

2.3 

27.33 

2  + 

29.04 

3- 

29-95 

1 .2 

30.  oS 

1  + 

30.22 

2  — 

3830.98 

2  — 

Remarks 


Intense,broad, 
diffuse,  re- 
versed, with 
afine  absorp- 
tion line;  co- 
incides with 
the  0  line 


001.98. 
Coinc  ? 


Sharp 

Sharp.  Faint  com- 
panion to  violet 


0  has  a    faint 
hand  here 


Between 
lines 
31.00  j 
30 . 90  ( 


Mo 
A 


383L25 
31.95 
32.26 
33.92 
34.82 
35.15 
35-49 

39.65 
40.72 


Fe 


44.09 
46.12 
46.36 
47.41 

48.45 


49-95 

51-57 
52.17 
55-09 
56.15 

3864.25 


66.87 
69.25 

70.62 
70.77 
73-30 


74-34 

79.20 
86.98 


87-87 
3888.15 


R. 


Mo  © 


Remarks 


3843.40 


3863.53 


I. 2| 

1  + 

2 

3 

1.2 

1.2 

2  — 

1+ 

1  + 

1.2 

2+: 

1.2 

2+: 

2+: 


1+ 

1  + 

2  — 

H-: 

10 


1  + 
2-3 

I  .2 
I  .2 
I  .2 


3885.66 


1  + 
2'3 


Coinc.  O  line 
diffuse 


Coinc.  ? 

Faint       0 
group.  Coinc? 
Coinc?   R. 
gives     O 

48.43-— 
48.48     (7Y) 
separated 
from  Mo 


Mo? 

Broad,  d  i  f - 
fuse,rever'd, 
with  fine  ab- 
sorption line. 
R. gives  64. 25 
Mo—  C 

O  has  a  group 
here 


Weak.  At  edge 
of  0  line 
73-25  (Co) 

Coinc?  74.32 
(7Y).  Inten- 
sity vari- 
able ?  For- 
eign line  ? 


0  has  86.94 
(Cr),  separa- 
ted 
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R. 

a 
Mo 

* 
0 

Remarks 

Mo 

A 

R. 

Mo  O 

Remarks 

3SS8.36 

2  — 

3938.88 

1-2 

89.06 

2  — 

? 

Coinc  ? 

39-30 

% 

90.88 

1.2 

39-65 

93-50 

1  + 

Between     the 

40.50 

I 

O  lines 

394I-02 

93.54—/* 

43-19  1 

3 

-45     Co? 

43.66 

2  — 

1  + 

Al.  44.10  dis- 

96.55 

1-2 

tinctly  faint- 

9705 

I  .2 

er  than  6 1. 57 

3S97-68 

1  + 

45.41 

2— 

O    has   45-47 

3900.40 

r  — 

(Co)  separa- 

00.87 

1 

ted  from 

01.95 

3902.4 

2. J 

47-00 

1 

Mo 

03.07 

10 

5 

Extremely 
strong,    dif- 
fused,re  vers- 
ed with  fine 
absorp'n  line 

47-33 
50.40 
51.14 
51-49 
51.70 

2  — 
I 
2  — 

1  + 

I 

07.10 

2  — 

1 

Mo? 

54.08 

2 

08.42 

1.2 

1.2 

Mo? 

55-66 

2  — 

09.92 

1  .2 

58.76 

2  — 

11.24 

Diffuse 

59-03 

I 

12. IC 

t,a 

1.2 

Mo?  12.13 
Cr? 

5983 
60.12 

1  + 
1  + 

AI.61.s7 

1352 

K2 

strong 

m.60 

t 

3960.42 

16.62 

r+ 

63*68 

1.2 

17.09 

64.I4 

2  — 

17.70 

2+ 

? 

Coinc  ? 

65.89 

1.2 

17.95 

2 

66.4O 

1.2 

20.25 

1  — 

68.91 

2  — 

21.09 

1  + 

69.17 

I 

22.49 

2— 

71-54 

1.2 

23-91 

2 

i 

73-10 

1  + 

? 

3924-67' 

73.92 

2+ 

24.78                        ,1 

74.09 

2 

26.00                         I 

78.08 

2  — 

28.45  1 

1.2 

? 

Coinc.  ?             1 

79.40 

2  — 

28.86 

1.2 

80.37 

2 

28.95 

1.2 

80.87 

1.2 

30.35 

1.2 

81.80 

I  .2 

31-57 

1.2 

3981.92 

34-41 

1.2 

The   Ca   lines 
H    and     K 
occur  with      I 
slight  inten- 
sity 

82.22 
84.92 
85.88 
86.45 
91.55 

2 

1  + 
1.2 

2  + 
2  — 

I 
I 

• 

35-13                     2 

Centr.  of  close 

92.02 

2  — 

double 

93.22 

1.2 

I  .2 

Coinc.     Mo? 

35-33 

1 .2 

94.06 

2  — 

? 

Perhaps  Coinc 

36.30 

1 

9479 

I 

3936.89 

1+ 

Also  Mn  For- 
eign line  ? 

95-66 
3998.45 

1  + 

2  — 

Weak 
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Mo 
A 


4OOO.55 
00.67 


03.62 


2  — , 


OS. 86 


4003.91 


''  r 


06 

2'*  1 

06 

85  ' 

07 

62 

08 

21 

09 

53! 

12 

12  I 

12 

4^  1 

12 

OS  I 

12.07 

16. ho' 


1 4018.42 


19.3- 1 
20.59 


2  1.19  1 
^-64 
27.07  I 
28.8«»' 
3 1 . 00  I 
}i  .00 


+  ' 


+  , 


+  i 


Remarks 


;  O  line 

00.61    (Ft) 
\   between 
j    these  two 
J     AIo  lines 

Coin  c.  AIo/ 
AlsoK  Oth- 
er strong  J' 
lines  are 
lacking 


Diffuse.  AIo. 


0    has 
20.64  —  Fe 

.  S5     Sc 


At     red  edge 

of      0  line 

32. 6 1  [Fe 

i>v  K.;  /'bv 
IF.) 


36-83 

:;+- 

^7-95 

3V261 

\2     \ 

4040 

70         ' 

41.30  , 

1.2, 

43-05 

43-44 

I1        1 

43.  0  1 

!1.2 

47-07 

1     1 

47  -  5^> 

1  — 

47  -  75 

1  --1 

40.7  s 

I        , 

50.27 

i'  + 

4051.35 

li  + 

Mo 
A 


Mo  0 


4056.18  2 

57-61,  1  + 

57-77  \i-2 
, 4059-o8i 

ir3 


59.79 
62.24  1 
66.52 

1 

67.88 j 

70.05  1 
70.17 

1 

75-43 I 

7f.35  1 
70.69 


!■+ 

■  3+ 

2 


78.25 

Si  .02 
SI.Q4 

84.54 

80.16 


1+ 


40S0.00I 


!     So 

qo 

03 

52 

<u 

6; 

96 

98 

,  400s 

9» 

|I02 

33 

1        03 

94 

i:+ 


05.27 


07.03, 


os.30 


1  4101.29 


-+ 


10 

4" 

10 

SS 

12 

29 

I  ^ 

11 

15 

oS 

19 

12 

4119.81 


1+ 

ll 


l'+ 


rks 


56.22  Cr 
56.13  ^ 

Also  7>(57.76) 


Coin  c.    AIo/ 
66.52     Co 

\  Hard  to  sep- 
I  arate.  To- 
f    tal  intensity 

1     =4 


Between      the 
0  lines   76.80 


Perhaps  Coinc 

At  red  edge  of 

O  line  86. 1 3 


At  edge  of  0 
I     line  05.31    V 

1  O    lias    07.6s 
C.V,    /*,      Zr 

I     separated 

from  AIo.    V 

I      has  07.64 

2    R.  gives     0 

I     08 .  20.    AIo/ 


AIo? 

At  edge  of   0 
line     1 9  .  o  s 

(Fe) 
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A                   K*       j  Mo  0 

Remarks 

Mo 
A 

R. 

Mo  0 

Remarks 

120.26                   3 

4l80.I2 

I  .2' 

22.55                 I1 

80.69 

I  .2 

23-^3                   2 

81.24 

2 

Center  of  close 

24.72 

2 

1                     1 

double 

4126.34 

84.33               'i 

2S.46 

2- 

84.59! 

j 

2Q.02                           2— 

85.98  | 

3 

1 

32.07  ,                       !2  — 

86.97 

2— 

>+ 

32.41   '                        2- 

Intensity  vari- 

88.49 

4 

able.      Is   it 

4192.73                1 

■ 

Mo? 

94.20 

i«   '     1 

^2-9ol                       'I 

94-74,             '2.3I      1 

33-i^                !'  + 

4199.82               li     1 

35-37 '                 1 

4200.02  j             .1 

35-55                  ,'  + 

00.76  1              1 .2 

1  .2 

37.  TC                       'I-j- 

oi-35                  |i  + 

3^-35                   1.2 

01.50 

ii  .2 

3S.72                   1.2 

02.42 

1 

35.72                   r-4- 

04.80 

11 .2 

42.28 1              i-r 

06.00 

12 

43-73 '                  4 

07.42 

H- 

4I47-84 

07.75 

f+i 

48.88                    1  + 

08.97 

ii   1 

49.14                    2.3 

09.84 

11   ji 

49.00                     1 

10.39 

1 

52.07,                  2- 

At  edge  of  O 

1      H-23 

i2_i 

1                 1 

line  52.11 

1     

4213. 8 1 1       1 

55-47>                 2.* 

14.24 

|I.2| 

55-77  1                '2-3 

1     17.02 

ii        1 

5759                  |2-3 

1      19.20 

1  + 

1 

^.27            '       li+" 

Overlies  a  dif- 

19-55 

2 

I  Appears  to  lie 

fuse  band  at 

1 

between  the 

58.10.     Cu? 

j 

0  lines 

<"»-44                        1  + 

19.52     and 

02.85                   2.3 

.  Does  not   co- 

, 

19.  58.  These 

incide    with 

I 

lines  belong 

1 

O  62.83 

1 

! 

to  Fe 

04.26                   1.2 

1     20.17 

f^.Q4                              I 

22.59 

I|      2 

Oti.47                            t-2 

1    23.15 

1.2 

6V68                         :1.2 

1    24.10 

II 

70.01                  ,2—           O    has  69.93 

24.93 

1  * 

| 

W) 

1    25.10 

70.55                  'i 

26.44 

I     ° 

....'.'    417107' 

32.75 

3+ 

71.27 

1 .? 

At  edge  of  0 

33.68 

1 .2 

line    71.21 

35-23 

ii  .2 

1 

(7-0 

4236. 11 

71.65  I                  i-f 

39-25 

|2  — 

75 -32                   1 

1 .2 

39-37 

2  — 

77 -OQ 

I.  2.1  + 

40.26 

12 

Also   r 

77.45 

2 

40.48 

2 

78-45 

2 

41.03 

|2-3 

4178-72 

I 

4242.97 

|l  .2 
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Mo 
A 

R. 

Mo  © 

Remarks 

Mo 
A 

R. 

Mo  © 

Remarks 

4244.95 

1.2 

Diffuse. 

4308.85 

I 

Double  ? 

IO.58 

2  — 

2.3 

0    has    IO.63 
-54 

46.I9 

2.3 

At  edge  of  0 
line    46.25 

I2.98 
13.16 

I  .2 
1.2 

(Fe).    K.  R. 

13.74 

«+ 

give  46.20 

15.60 
18.13 

II 

J2-3 

i 

50.87 

1.2 

18.46 

1 

1 

51.58 

I 

4318.82 

52.03 

2-3 

22.17 

2—         ! 

52.69 

'  + 

22.66 

I+!   , 

53-77 

4257.82 

1  + 

24.72 
25.44 

1 
1      1 

58*85 

1  + 

Between    twu 
O  lines 

26.33 
29.50 

3  1 

1+1   1 

60.52 

I  .2 

29.82 

1.21 

60.85 

I  .2 

O   has  60.89. 

30.27 

i+!      1 

Separated 

32.68 

I+l 

61.17 

I 

33-40 

1    ' 
1 

61.63 

I  .2 

34.65 

1    ' 

64.81 

1+ 

35-00 

2    |i 

0  has  a  faint 

66.27 

2  — 

triple;  co- 

68.25 

2  — 

2 

Coinc.     Mo  ? 

1 

incidence   is 

69.44 

2.31* 

with     the 

72.24 

I.2| 

middle  com- 

73.23 

1.2 

Sharp 

ponent 

74.22 

I  +  l 

36.38 

1+ 

4274.96 

1 

38.73 

1 

1 

75-86 

1+      ? 

38.90 

2  — 

77. oS 

3     1 

39.42 

1+ 

i 

77.38 

3        ? 

R.     gives     O 

77.38.              | 

40.02 
40.93 

1 .2 
2  — 

1 

77-58 

2     1   ? 

R.    gives     O  | 

1      41.61 

2+ 

1 

1 

77-54^. 

I      42.161 

1 

1 

Coinc  ? 

1       ,4344-67 

1 

79.19 

'+ 

1      44.86 1 

1 .2 

1 

80.17 

1+I1.2 

Coinc.       Mo?  | 

1 

,      46.401 

1+ 

1 

82.00 

2  —  1 

49-41  | 

1  — 

1 

84-77 

3     ' 

Diffuse.  Mo?   I 

1      50.53 

3- 

87.26 

2  — 1 

1 

!       53.48  1 

2— 

! 

88.82 

*+. 

! 

i      54-88, 

1  — 

89.56 

2+1        1  At  edge  of    0   ' 
I        1     line      89.  so  1 

1      57-50 
1      62.20 

1 .2 
1 .2 

(Ca)      '     | 

i      62.87  1 

1+ 

I  .2 

Coinc.  Mot 

91 .39 

2~'                                      1 

63.21  , 

1  — 

92.34 

3     1                                      ' 

,        63. S2 

1 .2 

93-42 

3        : 

!     64.65 

1 .2 

1 

94-07 

,3                                                                 ! 

64.761 

1  + 

4295.9I1            ,            1 

04. 00  | 

1+ 

1 

4296.35 

II. 2 

1      66.73 

2 

1 

4301.45 

1. 21          ' 

1      4368.07 

04.20 

'1.2,          1 

I      09.23 1 

2-3 

1 

4305. 10 

2" 

4370.33 

I 
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Me 

R. 

Mo    O 

Remarks 

Mo 
A 

R. 

Mo  0 

Remarks 

4372.31 

1 
1  + 

4449.92 

3 

73.52 

«  +  , 

52.77 

1.2 

75.07 

»  +  ' 

4454-95 

75.21 

1.2 

57-55 

3-4 

76.87 

!  +  l 

58.84 

1.2 

80.47 

2+! 

60.80 

2  — 

80 .  So 

1.2 

Sharp 

64.96 

3" 

O  has  64.94  Fe 

81.  }6! 

1  + 

separated 

81.82! 

4     | 

68.28 

1  + 

82.61  j 

2—1 

68.46 

3 

86.10  , 

H-i 

71.85 

1.2 

4388.06 

72.23 

1 .2 

88.49                   I      1 

73-37 

2-3 

89.76 

;i 

74-78 

4 

91.71 

1.2 

75.82 

2+ 

92.32 

1 .2 

4476.22* 

04  -49 

1.2! 

85.16 

2-3 

04.67 

1.2I 

87.23 

|2-t" 

96.55 

1     1 

89.17 

1.2 

96.83 

2    1 

Sharp 

90.37 

2 

97-02 

1 

91.46 

3 

97.48 

2-r     ? 

Perhaps  coinc. 

92.00 

1 

98.68 

( 

92.24 

1 

4402.67 

2  — 

94.27 

1  + 

03.07  : 

2  + 

4499.62 

2  — 

04.71  i 

1.2 

Sharp 

4501.44 

2 

O  01.42  77  sep 

07.04 

i-f 

I 

arated 

09.61 

1 

06.13 

(3 

10.15 

2  — 

1 

Coinc? 

06.22 

4410.68  \ 

06.86 

2 

n.  76 

2.3 

4508.45 

11.90                 13     !                                   1 

12.32 

2-31 

12.96 

2+ 

15.20 

Si  .2 

1740 

1 

15-36 

2—1 

Coinc? 

20.91 

1 

1 

17.30 

I3+H-2 

Coinc.    17. 28 

22.23 

1 .2 

1 

:    1 

Co 

23.24 

1  + 

A  line  here  alsoi 
in   AV.      Not' 

17.58 
18.61 

•h-! 

given  by  R. 

22.37 

,2+ 

-3-79  j                 2.7, 

24-53 

I-* 

24.40 

1 

] 

25.50 

!i-l 

26.86 

2-3 

[ 

25.56 

;*+i 

28.39 

1 

28.77 

-2-3,4 

Diffuse.  Coinc. 

2932 

4433-39 

1 

! 

29.59 

2.3 

Mo?  iZ.So  Fe 
Sharp 

33-68 

1.2 

Sharp 

4533.42 

37.06 ! 

2  — 

34.63 

2 

Diffuse.  Mo? 

37.35 

1  + 

35-00 

2+ 

Diffuse  ;  broad. 

39.15 

1+ 

Sharp 

Mo? 

42.37 

2.3 

Sharp 

3556 

2 

-> 

Probably  a  0 

43.25            2 

Sharp 

line 

44-2  1 

■1  + 

Diffuse.     Mo?  \ 

37-00 

V1 

46.62 

2  — 

Sharp                 | 

38 .  60 

li  ' 

444741 

1.2 

1 

1 

1 

4539.84 

1 

*  Double  76 .  253,  76.185.     Center. 
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Mo 
A 

K<          Mo  O 

1 
Remarks          1 

Mo 
A 

R. 

Mo   © 

Remarks 

4541-75 

2  — 

1 

4624.44 

2 

Diffuse.    Mo/ 

53-oo 

I 

1 

4625.23 

53-40 

1.2 

1 

26.67  1 

3-4 

26.74  Mn  sep- 

53-52 

1 .2 

1 

arated.       /' 

54-00 

2 

3-4 

Mo/                    , 

1 

26.67  simi- 

4554-21 

1 

,.   .                      I 

| 

larly 

5»*30 

2.3,1 

Come. 

27.70  , 

2.3 

I 

©line    ex- 

58.92 

I.2i 

1 
1 

1 

tremely 

59-94 

I-f 

1 

1 

faint.  Coinc? 

60.32 

2  + 

Sharp.  At  edge! 
of     0    line 

30.20 ! 
32.75 ' 

1 

Sharp 

60.27     (/>). 

35-22 

I 

K.R.:  60.33 

41.12 

>-i 

67.57 

I  — 

1 

41. 78 

I_l 

07.87 

2+ 

42.90 

1,2 

69.21  ; 
70.30  | 

1  + 

2 

1 
Sharp                 1 

48.02 

4646.35 

1 

2    1 

Sharp 

70.78, 

'+! 

Sharp 

49.2S 

l.2| 

74.66 

1  + 

51.25 

2-1 

74.8o 

I 

52.47 

2 

Diffuse,  prob- 

7 5  •  36 

I  — 

1 

ably  not  Mo 

76.05 

1  + 

1 

50.57 

I 

76.70 

3-! 

Sharp                 1 

57  07 

I 

77-97 

i-f-' 

Sharp 

02.  1 1 

*•?> 

Does  not  coin- 

78.06 

1     1 

j 

cide  with  0 

4578.73 

1 

! 

1 

62.15 

70.02 

1     1 

1 

62.95 

3      1 

82.52 

'+I 

63.31 

1  + 

82. 6q 

'  +  1 

| 

6=;.  >o 

1  + 

8O.25 

'+1 

4667.77 

86.75 

'+I 

, 

69 .  00 

1  + 

86.  OS 

i  +  l 

1 

72.11 

3~ * 

87.61 

1      1 

1 

73-24 

1 

88.^3 

1.2 

Diffuse.    Mo/  \ 

75-91 

1- 

90.55 

1- 

Diffuse.     Mo/  \ 



4679.03 

92.40                   |i  .2!        1  Sharp                 1 

81.24 

1  + 

93.84                   II             |                              1 

Si.  82 

1 

95-35                   3                                        1 

82.44 

1  — 

9S.07                    i-f-  1.2   Coinc.     Mo't     , 

84.04 

1  .2 

98.44 

'  +  1 

84-51 

1  + 

4599-35  ' 

-•>  _      >       Frob;ib!y  a  (■>    ine 

~       1     '                                           1 

86.01 

2  — 

H603.13 

1                                                1 

86.28 

2  — 

460^ .78 

1-1 

SS.41 

2-3 

Separated  from 

08.  ;j  ' 

1  !    1 

88  46(/».  R. 

OS.90 

I      •          Sharp                  ' 

gives  88.30 

10.07 

3      !i        Come. 

(Fe) 

11.03          |i+i    ; 

01 .05 

2  — 

1 1  .  V)  1                  12—          '  Sharp 

02 .  10 
92.  St) 

oc^5 

i-f 

14. (U  '                ;i      ,       1 

Ih.8l  |                        I  4     I  .2     Probably  not  .l/o  , 

1  — 
1  — 

17.82,                   'l               | 

90.06 

T  + 

1 

IS.  15                    |i-f  1        J  Sharp 

469"- 71 

1  .2 

21  .57                    |2.3i        ,  Sharp                  , 

,4700.34 

4623.66 

1.2 

Sharp                  J 

4700.71 

2  — 
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Me               B 

A                          K" 

I      * 
Mo  © 

Remarks 

Mo 

A 

R. 

Mo  O 

Remarks 

4700.25 

2 

Al>o  O 

4787.83 

I 

O6.4O 

1  + 

88.39 

1  + 

07-44  i 

! 

1 

3-4 

2.3 

Rowland  gives 
07.46     [Fe). 

xFe>  07.46? 

K.  R.  07.52 

1     92.96 
1    9360 

!      9403 
94.81 

2 

2 

I  .2 
1  + 

Sharp 

0^.43!          3- 

96.75 

2-3 

Sharp 

IG.l6|                      1 



4798.45 

14.00, 

2  — 

'4805.13 

1  + 

16. SS! 

1  + 

|      05.78 

2- 

I»- 13  | 

2-3 

08.29 

2  — 

At  violet  edge 

ig.oS j 

2 

of  the  O  line 

U722.34 

08.32  [Fe) 

23.27 ' 

1.2 

08.68 

1+ 

23.50  I 

1 

11.28 

2-3 

25-55  | 

1  + 

14.68 

1+ 

2Q.301 

3-3 

17.92 

2  — 

31-64! 

3-4 

4817.99 

34-34 

1  + 

1947 

3 

35-51 

I 

22.62 

>+ 

30.84 

1  + 

23.16 

I  — 

40.30 

I 

28.67 

2  — 

Sharp 

40-5* 

474172 

I 

• 

30.15 
30.73 

1+ 

Very  sharp 

49  oc 

I  — 

33-13 

I  .2 

49.35 

I  — 

34- 16 

2  — 

40.01 : 

I  — 

35.98 

I  — 

50.60 

2.3 

Sharp 

38.35 

I 

51  -3' 

I 

4839.73 

5; .  5(5 

I 

39*82 

I 

;t>.c6 | 

I 

45-  3S 

1  + 

5.S.71  1 

2-3 

50.05 

I  — 

60 .  30 

4 

Faint    lines 

5192 

I 

near  by.  Mo? 

58.44 

I  .2 

4764.11 



4859.93 

64.04 

2 

Sharp 

60.28 

I  .2 

73-47 

1.2 

60.99 

I 

Faint    compan- 

73.64 

2+i 

ion  to  red 

74-4^ 

2- 

66.07 

1  — 

75.87 

2.3 

68.23 

3 

76.54 

3 

1.2 

R.    gives  0 
76.55  (  Co  ). 
Also  in  V  as 
strong    line, 
*=3 

6943 

75-73 

4871 .00 

2 

1+ 

At  edge  of  the 
O  line  75.67 
{V) 

78.09 

1 

78.59 

1 .2 

«3. 16 

4783.61 

2.3 

1 

Coinc? 

86.70 
89.44 

1+ 
1+ 

84  .'64 

1 

9465 

1  — 

85-34; 

2.3 

Sharp 

4896.62 

4786. 6S 

2 

At  edge  of  0 
line    86.73 

9750 
14899.81 

1+ 
1— 

(AV).  V  has 

! 4904.03 

2.3 

! 

86.70 

[4907.65 

1+ 
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A 


4909.4I 


25.08 
26.42 
26.65 
31.42 
33.30 

33-99 

41.90 
50.83 
52.20 
56.83 

57 '.78 


R. 


4917.41 


4936.02 


49577« 


Mo  © 


1  + 

1  — 

2  — 
2  — 

1  — 
2 

I 

2  + 

2.3l 
1-1 
I  — 

3 


I       I 


Remarks 


R.  gives  57-78 
Fe.  The  lines 
are  separated, 
however,  and 
X  >  X  J/o. 
Probably  it 
should  be  X  Ft 
=  57.88. 
Kayser  and 
Runge  have 
57  ^7 


64.42 

JI.2, 

64.63 

2~\ 

75.58 

I1 

70.23 

79-32 

4980.35 

|2""l 

4995-55 

,1  — . 

5000. 13 

5002.98 

!2-h; 

14.  So 

1  + 

10.00 

2.  > 

20.07 

5025.03 

I  — 

20.21 

2        ' 

30 .  06 

\>  —  ' 

39.12 

5044.30 

I  — 

40.7; 

I        | 

47-90 

2       1 

55-22 

I  .2 

5S.30 

I 

60.07 

2  •  3 

62.70 

5064.84 

>+' 

80.  2; 

2. ;, 

81.49 

1     1 

5084. 28 

84-47  1 

1  — 

5000 . 80 

1 

Mo 
A 


5091.17 
9I.56 
92.40  I 
92.96  I 
96.II  I 
96.85  I 

97-71 

5098.27 
5100.58 

09.90 
15.21 
15.86 
17.18 
22 .00 


5105.721 


15123.90 


24.03 
26.94 

35-17  ' 
41.47  ' 


Mo  O 


Remarks 


I 

1  + 
I 
1.2 

2  + 

—  3 

t-t\ 


1  .2 

I 


48.651 
55-48  1 
63.40  1 


1  5146.66 

• 


1+ 

i  -- 


67 .  08 

71-33 
73.14 

74-35 
51S0.44 


5165.59 


5200.37 
00.97 


12 

oS 

10 

0  2 

31 

27 

>  2 

vS 

34 

17 

38 

41 

4i 

09 

43 

01 

-\> 

71 

s<) 

2  ; 

01 

35 

72 

00 

76 

50 

5279 

85 

L 


5186.07^ 


2- 
I 


5204.72 


1  .*| 


5225.70 


ft 
Li 


5242.66 


,2  +  1 


5266.73 


At  edge  of  the 
O  line  97.67 


At  edge  of  the 
0  line  09. S3 
(Fe) 
Sharp 


In  the  shade  of 

t>2 


Companion  to 
violet 
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52M  .07 


>288.7I 


Q3   OS 

52^5.67 
5300.49  ! 


14 

I  ; 

l8 

20 

20 

14 

24 

70 

27 

35 

5307-54 


Mo  O 


2+ 

1.2 

I 

1.2 

I-l 


5328.75 


55- 12 

55.7b 

50.70 

DO.  76 
04oO 
07.30 


...    ( 

72.63 

^-94 


5370.17 


2  — 

I 

]  — 

I 

\2  — 
1  + 

1     : 

5389.68 


Q4-75 


5W 

0; 

5400 

64 

1 1 

;i 

14 

°5 

17 

64 

26 

-24 

27 

.14 

27 

So 

31 

27 

I  2] 

I  21 

541542 

|1.S 

J 


5434-7-41 


17 
39 
47 
48 


91  ' 

97 

95 

86 
-78 
•  7^ 
-27 


1  — 
1— 


5455-75. 


CO 

7 1 

6; 

S* 

73 

64 

76 

18 

$5 

5490 


5477- 12 


r2+ 

2  — 

'3 

2 

1  — 1 

2  i 


Remarks 


R. 


.V* 


Remarks 


5492.43: 

94.00 , 

9718  ■ 

98.76 

1 5499.77, 

5501.78. 

02.18 

0382  i 

06.75 i 

H-77  I 

17.73, 

t      20.32, 

20.93 

26.81  j 

27.27' 

i         32.00 

)iffuse 

^-  26 

34-85 

j        39.67 

41-93  1 

1        43-38 

Sharp.    G  has 

94lM-*« 

44-78' 

;     52.47 

56-55 

57-02 

62.74 

6;. 6; 

64  •  34 

68. *8 

69.75 

i       70. 69 

75  47 

5507-00 


5525 .76 


5544.16 


2—1 

2 

I  .2 

Diffuse 

2  — 
1  + 

>harp 
Diffuse 

2 

^harp 

2  — 

I  .2 

6 

1-4- 

I 
I  .2 

I  .2 

2 

2 

!-•- 

0 

2 

^.\arp 

I-»- 

>narp 

2-*- 

Sharp    at  \ :     *** 

e'ifcre  <.f   7  .:r.c 

4?-4I  '/> 

2 

Sharp 

I  — 

2. ; 

2 
1 

1 

2.  ; 

2 

6 

89.02 


91.84 


5576  32 


2     2  .  <; 


5596 

62 

;boi 

;i 

08 

90 

09 

*3 

00 

80 

11 

20 

13 

37 

5594-6', 


1    2 

1  .2 

2 


;6i;.8^ 


18.69 
=619.03 


-  \'k  :.- 
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K 


5619.63 
32.74 


5&34  • 


35-14 
42.05 

43-47 
50.40 

51-54  I 
52. 12  , 

52-47 


64.65  ! 
67.57  I 
72.35  , 

74-7/  I 


^657.72 


78.  iS  ' 
S3. 20  1 

87-93  1 
89 .  30 


5675 • 6; 


5 60 5. So 


94.64 
05. 10 
g5-6r» 
90 .  30 
9S.  53 
5009. 57 
5702.30 

05-97 
08. 2S 


12 

0  5 

19 

55 

20 

4^ 

22 

98 

29 

03 

29 

77 

30 

17 

31 

58 

57 1 1 .31 


34-32 

35-55 
38.40 

39  •  9  > 

41  .06 

47. oS 

5747  (>3 


Mo   0 

Remarks 

Mo 
A 

R. 

Mo  0 

2  — 1 

5751.67 

14.5 

4 

5754-88 

57^0 

2-3 

6557 

I  — 

I- 

Near  the  0  line 

66.79 

I  — 

1 

42.11  (AY) 

67.63 

I  — 

H 

70.02 

1+ 

4  ' 

71.33 

1  + 

1+ 

5772.36 

1 .2 

74.85 

ii  .2 

i+l 

78.46 
79.65 

I 

1 .2 

I        SO . 3S 

'1 

1 .2 

' 

80  .  06 

'i  — 

1+ 

83.54 

2  — 

->+ 

85.90 

1 

*-  •  3 

5788.14,              | 

1 

!  5702. 10 

4 

2.  V 

5800.72 

2  — 

*+ 

02.05                       '2  + 

,+i 

00.40 ;              1  — 

1  s! 

Companion 

08.54I              1  + 

1 

to  led 

1     09 . 30  |              1 
1      15809.44 

1+' 

I 

14.14                1 
15-76                  ji  + 

1 0 .  00 

21  .00 

1  — 

2  — 

25.28.                .1 

J  +  i           ' 

25.  s0                           1.2 

I.2l 

."..'..   lvS^l.S2 

3 

■        35-87'                      ,1- 

'+!                                          , 

1        40.2S  1                      |l  — 

!        1    •                              1 

|         5848.34     -.. 

2             'Near  the  d"  line 

49.10!                   1.2 

1     1  12.09  ( y>) 

1        49-09                        \2 

i-i                   1 

5!.  So                  '2 

1 — , 

|      58.52                   4 

3.4: 

1       0 1 . 66                      I  - 

2_     .               1 

586O.67 

1 

1       60.05                      I  — 

--I   ! 

69.57                         2 

1  —       1 

76.OO  1                       I 

1                        | 

8 1  . 8  5  ' 

I  — 

.5883.07 

i-1      1 

8^.11 

I  — 

'-,      1                        1 

!      88.61 

4 

1     , 

91 .89  ' 

1 

1                                  < 

5S03. 10  i 

1-       1 

'5S93.671                  2 

'+ 

,+ 

. 

: 

Remarks 
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SYSTEMATIC    ERRORS    IN    THE    MEASUREMENT  OF  SPECTRUM    PLATES. 

In  the  treatment  of  the  photographic  plates  I  have  always 
followed  the  procedure  of  dividing  the  metallic  lines  into  small 
groups,  of  from  fifteen  to  twenty  tenth-meters'  range,  and  refer- 
ring them  to  two  lines  of  Rowland's  list,  simple  if  possible,  from 
which  the  wave-lengths  could  be  obtained  with  sufficient  pre- 
cision by  linear  interpolation ;  but,  for  the  sake  of  controlling 
still  further  the  values  so  obtained,  a  solar  line  is  commonly  also 
measured  in  every  group,  and  its  wave-length  determined  with 
the  metallic  lines  must  then  also  agree  with  the  value  given  by 
Rowland.  To  show  the  accuracy  with  which  this  agreement  was 
attained  in  these  measures,  I  give  the  following  table  containing 
a  series  of  such  solar  lines  together  with  a  comparison  with 
Rowland's  values  : 


H. 

R. 

1 

H 

-R. 

1     H. 

| 

R. 

H 

.-R. 

1    H. 

R. 

1  H.-R. 

37»7  523 

*7-539 

— 0 

.016 

1      4O7O.9I2 

70.930 

— c 

>.oi8 

4374.621 

74.628 

—0.007 

*9  954 

I  29.952 

-*- 

002 

71.893 

71.908 

— 

015 

4395.198 

95.201 

■  "  003 

*4  253 

!  -M-25I 

_i_ 

002 

1         76 . I02 

76 . toi 

+ 

001 

4425  598 

25.608 

1  —  010 

6*  799 

66.801 

— 

002 

J      4098.32? 

98.335 

— 

008 

4449  325 

49-3H 

-f-  012 

36.5-00 

1  86.314 

- 

014 

1      4IOO.878 

00.901 

— 

023 

457».26i 

71.275 

■-  014 

5??2-+7* 

92.482 

- 

010 

I4.605 

14.606 

— 

001 

4598.286 

98303 

-  017 

3S52  710 

52.714 

— 

004 

18.696 

18.708 

— 

012 

4636.025 

36.027 

--  002 

73.000 

73-9°3 

— 

003 

36675 

36.678 

— 

003  ' 

1   4691 • 573 
1   4772.998 
|   4810.710 

91.602 

—  029 

^J2.07^ 

92.069 

-— 

004 

56  .  962 

56.970 

— 

008 

73  007 

-  009 

3vic868 

I  16.879 

— 

on 

63.802 

63.818 

— 

016  ' 

10.724 

-  014 

33.822 

,  33-825 

— 

003 

1      4185.O4O 

85.058 

— 

018 

5234.787 

34-791 

-  004 

4t.8g? 

.  41.878 

+ 

019 

|       4202.197 

02.198 

— 

001 

5250.808 

50.817 

—  009 

48.227 

48.246 

— 

019 

O4.I38 

04.132 

4- 

006 

1   5322.234 

22 . 227 

•4-  007 

«.o<^ 

52.103 

— 

004 

22.363 

22.382 

— 

019 

5353-575 

53-571 

-r  004 

68. 611 

58.625 

— 

014 

25.605 
48.381 

25.619 

— 

014 

5445255 

45 ■ 259 

004 

3096.118 

96.140 

— 

022 

48.384 

— 

003 

66.582 

66.609 

—  027 

4C07 .  409 

I  07.429 

— 

020  , 

67.I08 

67.122 

— 

014 

5497  723 

97  735 

012 

io.2g3 

10.327 

— 

029 

4288.319 

88.310 

+ 

009 

5500.430 

60.434 

-  004 

30-3*3 

30  339 

— 

016 

4307.914 

07.907 

"f 

007 

5678.477 

38.488 

—  on 

«5  'J77 

45-975 

+ 

002 

08.O75 

08.081 

— 

006 

5662.737 

62.744 

—  007 

W.S20 

50.830 

— 

010 

37- 193 

37  216 

— 

023 

5701 .766 

01.772 

-  006 

66.508 

]  €6.524 

— 

016 

Si. 200 

51.216 

— 

016 

5763.200 

63.218 

-  018 

1 

58657 

58.670 

~" 

013 

5816.558 

16.601 

-  043 

The  first  fact  which  attracts  attention  in  this  table,  aside  from 
the  generally  very  small  amount  of  the  differences  H.— R.,  is 
that  with  few  exceptions  they  are  negative,  and  hence  my  wave- 
lengths are  throughout  too  small.  Accordingly,  there  is  a 
systematic  difference  or  a  personal  equation  between  myself  and 
Rowland,  the  amount  of  which,  —0.009  tenth-meters,  is  the  mean 
of  the  above  differences.  If  this  is  added,  with  the  reversed 
sign,  as  a  systematic  correction  to  the  differences   H.—  R.,  they 
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then  take  the  character  of  accidental  errors  of  observation,  from 
which  the  probable  error  of  a  wave-length  measured  by  me, 
referred  to  Rowland's  system,  comes  out  0.007  tenth-meters,  an 
accuracy  which  must  be  regarded  as  in  fact  very  satisfactory. 

It  may  be  regarded  as  certain  that  in  general  an  equal  pre- 
cision is  not  attained  for  the  metallic  line ;  but  if  we  should  in 
this  case  double  the  probable  error,  it  would  not  then  reach  the 
value  0.02,  as  already  remarked;  or,  in  other  words,  in  all  prob- 
ability the  measurements  are  not  inconsiderably  more  accurate 
than  I  have  hitherto  considered  myself  justified  in  assuming. 

In  regard  to  the  origin  of  the  above-mentioned  systematic 
difference  between  my  measures  of  the  solar  lines  and  those  of 
Rowland  —  which  difference,  by  the  way,  appears  of  exactly  the 
same  magnitude  in  the  measures  of  the  arc-spectrum  of  tungsten 
which  1  have  just  concluded — we  can  hardly  assume  that  it  is 
to  be  sought  in  other  than  purely  physiological  peculiarities, 
which  cause  a  certain  dependence  of  the  setting  of  the  thread  of 
the  microscope  on  the  spectral  line  upon  the  direction  from 
which  the  settings  are  made.  In  my  measurements  this  direc- 
tion is  always  apparently  from  left  to  right  in  the  field  of  view 
of  the  microscope,  which  is  also  the  direction  of  decreasing  wave- 
lengths. In  order  to  get  more  accurate  knowledge  as  to  how 
far  this  suspicion  is  justifiable,  I  measured  a  number  of  solar 
lines  used  in  connection  with  the  tungsten  spectrum  after  revers- 
ing the  direction  of  the  plate,  hence  from  violet  toward  red  ;  I 
thus  obtained  values  which  differ  from  the  previous  ones  only 
slightly,  but  nevertheless  systematically.  These  measures  are 
contained  in  the  first  two  columns  of  the  following  table,  which 
gives  also  the  differences  of  the  two  series  of  measures,  their 
mean,  and  a  comparison  with  the  corresponding  determinations 
by  Rowland. 

An  examination  of  the  third  column  of  this  table  leaves  us 
hardly  room  to  doubt  that  there  is  a  difference,  distinct  although 
very  small,  between  the  two  series,  amounting  in  the  mean  to 
O.006  tenth-meters.  In  the  first  position  of  the  plate  the  wave- 
lengths are  accordingly  too  small  by  0.003  tenth-meters,  in  the 
second  position   just    as   much    too   large.       We   have    therefore 
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I  +  11 

I 

11 

11  —  I 

2 

R. 

H.-R. 

4015.753 

763 

-fo.oio 

758 

760 

—  0.002 

25.Q62   ' 

972 

-j-  010 

967 

972 

—   005 

52.078 

083 

+  005 

080 

070 

-f-  010 

70.409 

419 

-f-  010 

414 

431 

—   017 

40S7.243 

245 

-j-   002 

244 

252 

-   008 

4IO6.583 

576 

—  007 

580 

583 

—   003 

25-771 

78i 

-j-   010 

776 

776 

000 

42.017 

025 

+  008 

021 

025 

—  004 
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obtained  only  a  partial  explanation  of  the  systematic  difference  of 
my  wave-lengths  from  Rowland's,  since  a  systematic  difference 
of  —0.006  still  remains  after  the  values  have  been  freed  from  the 
effect  of  the  direction  of  measurement.  If  we  could  assume  a 
personal  error,  of  a  similar  sort  but  in  opposite  direction,  for  the 
measures  of  Rowland,  everything  systematic  in  the  mutual  differ- 
ences of  our  measures  would  be  eliminated,  and  they  could  be 
regarded  purely  as  errors  of  observation.  There  seems  to  me  to 
be  nothing  a  priori  against  such  an  assumption. 

Inasmuch  as  the  probable  error  of  the  wave-lengths  I  deter- 
mined in  the  solar  spectrum  amounts,  as  above  stated,  to  ±  0.007 
tenth-meters,  or  almost  exactly  the  mean  difference  of  scries  I 
and  II,  we  might  question  the  validity  of  the  assumption  of  the 
slight  effect  of  the  direction  in  which  the  settings  were  made  on 
the  solar  lines.  The  entirely  similar  appearance  of  the  objects 
set  upon  —  the  line  to  be  measured  and  the  normal  line  —  would 
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seem  to  exclude  every  sort  of  systematic  difference  in  the  mode 
of  making  the  setting.  However,  since  the  differences  of  the 
two  series  are,  with  few  exceptions,  in  the  same  sense,  as  appears 
from  the  third  column,  it  seems  to  me  we  can  hardly  deny  the 
actual  presence  of  such  an  effect,  although  for  one  I  am  unable 
to  produce  any  sufficiently  satisfactory  explanation  for  it. 

Accordingly,  if  the  observation  of  such  similar  objects  as  the 
solar  lines  appearing  on  a  dark  background  gives  evidence  of  an 
effect,  however  small,  of  the  direction  in  the  which  the  setting  is 
made,  we  should  certainly  expect  in  advance  a  similar  and  more 
marked  effect  when  the  lfnes  of  the  metallic  spectrum  were  to  be 
referred  to  those  of  the  Sun.  We  should  much  sooner  assume  a 
difference  in  the  mode  of  setting  according  to  the  position  of 
the  image  in  the  case  of  setting  the  thread  first  on  the  bright  solar 
line  on  a  dark  field  and  then  upon  the  dark  metallic  line  in  a 
bright  field,  and  this  has  been  fully  confirmed.  In  order  to  inves- 
tigate the  question  further,  I  repeated  the  measures  with  the  plate 
reversed  for  certain  groups  of  lines  of  tungsten,  which  I  had 
already  measured  in  the  usual  direction  of  decreasing  wave- 
lengths from  left  to  right  in  the  field  of  view  of  the  microscope. 
The  following  table,  in  which  the  wave-lengths  obtained  in  the 
two  positions  of  the  plate  are  given  under  the  heading  I  and  II, 
shows  the  results  of  these  measurements  : 
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We  see  that  here  also  a  systematic  differance  of  the  appre- 
ciably larger  amount  of  0.033  tenth-meters  appears,  the  wave- 
lengths being  measured   too   large  by  0.016  in  the  first  position, 
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and  as  much  too  small  in  the  second.     In  the  first  position  of  the 
plate  the  left  side  in  the  field  of  view  was  toward  larger  wave- 
lengths, and  hence  it  follows  that  in  the  two  cases  the  setting  of 
the  thread  on  the  metallic  lines  was  systematically  somewhat  too 
far  toward  the  left  in  respect  to  the  settings  on  the  solar  lines. 
This  physiological  difference  in  the  Autfassung oi  the  two  different 
kinds  of  spectral  lines  is  so  pronounced  as  to  leave  no  doubt  as 
to  its  reality.     This  systematic  correction  or  personal  equation 
in  my  measures  of  metallic  spectra  is  decidedly  larger  than  that 
just  discussed  in  the  case  of  the  solar  lines,  but  it  is  also  only  of 
about  the  same  magnitude  as  the  probable  error  of  the  wave- 
lengths of  the  metallic  lines,  and  consequently  of  no  great  sig- 
nificance.    It  has  not  been  taken  into  account  in  the  above  cata- 
logue of  the  lines  of  molybdenum,  since  in  its  determination  the 
plates  of  tungsten  and  not  those  of  molybdenum  were  employed. 
The  personal  equation  in  the   measurement  of  photographic 
plates  of  spe.ctra  here  described  has  also  been  noticed  elsewhere. 
In  his  measurements  of  stellar  plates  for  the  determination  of 
radial  velocities.   Reese,1  of  the  Lick  Observatory,  found  that 
his  settings  on  the  dark  lines  of  the  metallic  comparison  spectrum 
were  systematically  somewhat  too  far  toward  the  right  in  the  field 
of  view  of  the  microscope  in  comparison  with  the  settings  on  the 
light  lines  of  the  star,  producing  a  systematic  correction  of  about 
i  km.     This  is  evidently  the  same  phenomenon  that  occurs  in 
my  measurements,  except  that  it  occurs  in  the  opposite  sense, 
which  is  not  at  all  surprising  in  view  of  the  wholly  personal  char- 
acter of  the  phenomenon.     We  may  remark,  as  an  odd  coinci- 
dence, that  the  magnitude  of  the  personal  equation  is  the  same 
in  the  two  cases.     If  the  above  measurements  had  been  made  for 
determining  radial  velocities,  a  variation  in  wave-length  of  0.016 
tenth-meters  would  easily  be  found  to  correspond  in  the  region 
of  spectrum  considered  to  a  change  of  velocity  of  1.08  km. 

COMPARISONS  WITH    THE   INVESTIGATIONS    OF   THE   SPARK  SPECTRUM 
BY    EXNER    AND    HASCHEK. 

It  has  already  been  indicated  above  that,  while  the  arc-spec- 
trum of  molybdenum  has  hitherto  remained  practically  unknown, 
xLUk  Observatory  Bulletin  No.  15;  Astrophysical  Journal,  15,  142,  1902. 
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its  spark  spectrum  has  recently  been  subjected  to  a  thorough 
examination  in  the  portions  affecting  common  photographic 
plates  by  Exner  and  Haschek  in  the  course  of  their  similar 
investigations  of  all  the  chemical  elements.  Since  it  was  the 
primary  purpose  of  these  investigations  to  establish  a  basis  for 
future  mineralogical  researches,  the  greatest  accuracy  of  the 
determinations  of  the  wave-lengths  was  less  important  than  the 
most  rapid  and  convenient  possible  method  of  operation.  Accord- 
ingly the  authors  determined  the  wave-lengths  by  simply  pro- 
jecting a  thirtyfold  enlargement  of  the  plate  upon  a  scale 
graduated  to  half-centimeters,  on  which,  after  the  adjustment  of 
the  standard  lines,  the  wave-lengths  of  the  remaining  lines  were 
obtained  by  a  single  reading.  With  the  enlargement  employed, 
the  5  mm  scale  divisions  represent  tenth-meters,  and  accord- 
ingly the  reading  had  to  be  accurate  only  to  0.5  mm  in  order  to 
attain  the  accuracy  of  0.1  tenth-meters  originally  sought  for.  It 
might,  however,  seem  questionable  in  how  far  this  method  of 
observation  can  be  protected  from  systematic  errors.  In  order 
to  obtain  definite  data  on  this  point,  I  have,  for  the  600  lines  of 
molybdenum  common  to  our  catalogues,  taken  the  means  of  the 
differences  of  the  wave-lengths  by  tens,  and  have  thus  obtained 
the  following  mean  deviations  for  the  portions  of  spectrum  given  : 
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We  muv  safely  conclude  from  these  figures  that  the  accuracy 
sought  is  in  general  attained;  but  a  certain  periodicity  is  revealed 
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in  the  way  the  figures    run,  which  would   confirm   the  suspicion 
expressed  above  if  there  were   not   other   circumstances  which 
would  appear  to  throw  the  systematic  element  of  the  deviation 
rather  upon  the  plates  themselves  than  upon  the  adjustments  of 
the  enlarged  images  on  the  scale  and  the  reading.    In  the  course 
of  their  further  investigations  Exner  and  Haschek  have,  in  fact, 
found  that  in  the   method  employed  at   first   of  photographing 
the  comparison  spectrum  in  juxtaposition  to  the  spectrum  under 
investigation  by  successive  exposures,  there  occurred  small  dis- 
placements of  the  two  spectra  in  respect  to  each  other  which 
were  beyond   checking,  due   to   an   insufficient   stability  in  the 
mounting  of  the   spectrograph.     The   injurious  effect  of  these 
displacements  could  be  avoided  only  by  photographing  the  iron 
comparison  spectrum   simultaneously  with   the  spectrum  under 
investigation  as  an  impurity  of  it.     With  the  use  of  such  plates 
new  wave-lengths  were  obtained  by  projection  in  the  same  man- 
ner as  before   for  the  stronger  lines  of  the  metals   previously 
investigated,  including  molybdenum.     The  following  table  gives 
the  comparison  of  these  new  wave-lengths  with  mine : 
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We  see  that,  in  fact,  not  only  a  far  better  agreement  is 
attained,  but  that  also  the  former  periodic  variation  of  the  dif- 
ferences can  no  longer  be  recognized.  It  therefore  appears 
probable  that  these  variations  were  produced  by  the  above-men- 
tioned small  mutual  displacements  of  the  spectra,  which  occurred 
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first  toward  one  side  and  then  toward  the  other  in  the  plates  of 
the  different  portions  of  the  spectrum  ;  and  it  would  appear 
accordingly  that  no  systematic  errors  of  this  sort  are  to  be  feared 
for  the  direct  method  of  reading  in  itself.  The  prevalence  of  a 
positive  sign  of  the  differences  indicates,  however,  a  small  system- 
atic deviation  averaging  +0.03  tenth-meters,1  which  is  doubt- 
less of  personal  origin,  and  may  be  partially  explained  by  the 
above-mentioned  personal  equation  affecting  my  measures.  If 
we  apply  this  as  a  systematic  correction  we  get  as  the  probable 
deviation  : 

H.  —  E.H.  =  db  0.032  tenth-meters, 

whence,  on  the  assumption  of  a  probable  error  of  ito.015  in  my 
wave-lengths,  there  would  follow  a  probable  error  of  ±  0.027 
for  the  wave-lengths  of  Exner  and  Haschek.  The  accuracy  is 
therefore  almost  the  same.  This  result  is  not  a  little  surprising, 
and  if  it  should  be  confirmed  by  further  comparisons  of  the 
tables  of  Exner  and  Haschek  with  measured  wave-lengths,  it 
would  argue  for  the  adoption  of  their  method  of  direct  reading, 
at  least  in  cases  where  the  occasional  occurrence  of  isolated 
larger  deviations  was  not  of  importance  in  comparison  with  the 
great  importance  of  rapid  work. 

RELATIONS  BETWEEN  THE  SPECTRUM  OF  MOLYBDENUM  AND  THAT 

OF  THE  SUN. 

As  a  preliminary  result  of  his  comparisons  of  metallic  spec- 
tra with  the  solar  spectrum,  Rowland  published  two  lists  of 
those  metals  whose  presence  in  the  absorbing  stratum  of  the 
Sun  may  be  regarded  as  certain.  In  these  lists  the  metals  are 
are  arranged,  first  in  the  order  of  intensity  of  the  correspond- 
ing solar  lines,  and  second,  in  the  order  of  the  number  of  observed 
coincidences.  In  both  cases  molybdenum  occupies  a  position 
near  the  middle.  Since  in  the  latter  list  molybdenum  precedes 
magnesium,  for  which  over  twenty  coincidences  were  observed, 
molybdenum  should  be  represented  by  at  least  an  equal  number 
of  coincidences  in  the  general  solar  spectrum.  But,  if  we  search 
Rowland's  list  of   solar  spectrum   wave-lengths   for  coincidences 

1  The  lines  at  X5651.30  and  3782.17,  which  showed  the  unusual  difference  of  0.18 
tenth-meters,  were  excluded  in  taking  the  average. 
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with  molybdenum,  we  find  only  seven  such,  whence  it  must  be 
assumed  that  Rowland  wished  to  include  only  the  very  strong- 
est lines  in  this  list,  expressly  designated  as  provisional,  and  that 
he  considered  a  further  examination  of  the  reality  of  the  coinci- 
dences necessary  for  the  less  conspicuous  lines.  This  view 
seems  the  more  probable  on  account  of  the  fact  that  with  few 
exceptions  the  ultimate  decision  of  this  question  of  coincidence 
is  rendered  extremely  difficult  by  the  very  slight  intensity  of 
the  solar  lines  concerned  in  comparison  with  the  molybdenum 
lines. 

The  above-mentioned  lines  of  molybdenum  occurring  in  Row- 
land's list  of  solar  lines  are  the  following: 
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Only  the  first  two  of  these  lines  fall  within  the  limits  of  my 
previous  observations  of  the  arc-spectrum  of  molybdenum. 
They  appear  on  my  plates  with  a  very  conspicuous  intensity,  far 
surpassing  all  the  other  lines  of  the  spectrum,  and  they  are  greatly 
broadened  and  contain  narrow,  sharp  absorption  lines  which  can 
be  observed  to  coincide  beyond  a  doubt  with  two  fine  solar 
lines.  The  line  at  X  3903.07,  which  together  with  the  two  just- 
mentioned  lines  constitutes  the  most  conspicuous  element  of  the 
whole  spectrum,  is  of  almost  the  same  intensity  and  otherwise 
of  similar  appearance.  Rowland  gives  in  the  solar  spectrum  at 
^39°3-°9  a  very  strong  line,  ascribed  to  Fe  and  Cr,  of  which  the 
solar  analogue  of  the  Mo  line,  if  present,  is  probably  a  faint  and 
very  close  companion  not  separable  from  it.  The  intensity  of 
the  solar  line  given  by  Rowland  in  itself  makes  improbable  any 
relation  to  the  molybdenum  line,  and  this  is  further  confirmed 
by  the  fact  that  on  my  double  exposures  to  the  molybdenum 
and  iron  spectra  a  separation  of  the  two  in  the  sense  \Mo  <  \Fe 
was  suspected  on   account  of  the  reversal   of   the  two  lines.     If 
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the  Mo  line  in  question  is  represented  in  the  solar  spectrum  like 
the  two  other  lines,  as  can  hardly  be  doubted,  then  the  corres- 
ponding solar  line  must  be  so  closely  blended  with  the  line  at 
X 3903.09  that  they  could  not  have  been  separated  by  Rowland. 
We  have  in  this  fact  without  doubt  the  reason  why  Rowland  left 
this  strong  line  of  molybdenum  unmentioned  in  his  list  of  the 
solar  lines. 

I  know  nothing  as  to  the  intensity  of  the  remaining  lines 
attributed  by  Rowland  to  Mo.  With  the  exception  of  the  last, 
they  are  all  lacking  from  Exner  and  Haschek's  list1  of  the 
stronger  lines  of  the  arc-spectrum,  while  the  three  principal  lines 
of  the  arc-spectrum  also  appear  there  as  the  strongest  lines  of 
the  entire  spectrum. 

The  catalogue  of  wave-lengths  shows  that  the  number  of 
more  or  less  certain  coincidences  with  solar  lines  which  I  have 
been  able  to  observe  in  this  investigation  of  the  Mo  spectrum, 
aside  from  those  already  mentioned,  is  very  limited.  If  we  con- 
sider only  those  cases  in  which  on  account  of  the  greater  inten- 
sity of  the  Mo  lines,  the  suspicion  of  contamination  by  a  foreign 
metal  may  be  regarded  as  excluded,  we  obtain  the  following 
summary  : 
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With  the  exhibit  of  this  tabk\  in  connection  with  what  has  been 

1  U'/tPi.  .S'/'/r//;/-  >/\  ;-.,    io6»    i.V)7. 


ARC  SPECTRUM  OF  MOLYBDENUM 


45 


said  above  as  to  the  three  principal  lines  of  Mo,  the  presence  of 
the  metal  in  the  general  absorbing  layer  of  the  Sun  may  be 
regarded  as  proven.  My  investigations  thus  far  do  not  permit  a 
decision  as  to  how  far  the  remaining  lines  of  Mo  of  greater  inten- 
sity are  represented  in  the  general  solar  spectrum.  The  follow- 
ing comparison  of  these  strong  Mo  lines  with  Rowland's  solar 
spectrum  indicates  with  considerable  probability  that  in  several 
cases  this  is  true.  In  making  this  comparison  I  have  assumed 
the  possibility  of  a  coincidence  only  in  cases  where  the  differ- 
ence of  wave-lengths  does  not  exceed  0.05  tenth-meters. 


Me 

Sun  (Rowland) 

A 

* 

A 

1 

Remark* 

}50S.2b 

2-3 

3508.23 

000 

21  .56 

23 

37.41 

3 

37-44 

0000 

42.32 

2-3 

5&-2S 

3 

58.21 

1 

7082 

23 

70.83 

0000 

35*2. 03 

3-4 

3582.08 

1 

3603.10 

23 

3603 . 1 1 

0000 

14.42 

3 

14-45 

0000 

24  00 

3 

24.60 

0000 

2Q-45 

23 

29.49 

000 

3* -35 

2.3 

38.38 

1 

1 

57-53 

23 

57.50 

1 

Ft             \ 

50.51 

3.4 

l| 

72.97 

3 

7294 

0000 

,' 

^0.75  ( 
*o.*5  ) 

3-4 

80.80 

3 

no  coinc. 

90.72 

2-3 

90.73 

0000 

l 

3605 . 09 

3-4 

3695.04 

0000 

3727.^0 

3 

3727-83 

1 

1 

32.91 

3 

32.89 

2 

,' 

42. 48 

2-3 

| 

70.  bb 

2-3 

70.67 

000 

1 

37*1-75 

2-3 

3781.75 

1 

1 
1 

3&C2 . 00 

23 

02.05 

00 

AIn            1 

IQ.98 

2-3 

19-94 

00 

I1 

2b. S  5 

23 

26.84 

0 

1 

20.04 

3- 

1 

33  92 

3 

33-92 

0 

^00.25 

23 

1 

3101.95 

23 

3~iM9 

3 

4:02.24 

23 

4062.20 

00 

1 
1 

70.05 

3+ 

70.05 

000 

1 

40M  .62 

3 

4081.58 

00 

1 

4107.63 

3 

4107.65 

5 

CV,  Ft,  Zr 

20.26 

3 

43-73 

4 

Mo 


4149.I4 
55-47 
55-77 

57-59 
62.85 
88.49 
4194-74 
4232.75 
41.03 

46.19 

52.03 

77  08 

88.82 

92.34 

93-42 

4294-07 

1  4318.13 

26.33 

50.53 

6923 

4381.82 

4411.76 

n  .90 

23-79 
26.86 

42.37 
57-55 
68.46 

73-37 

74.78 

4485-16 

4491.46 

4506.13  ) 

06.22  ) 

12.32 

24-53 

29.59 

3700 


23 

23 

2.3 

2.3 

2.3 

4 

2.3 

3+ 

2-3 

2-3 

2-3 

3 

3+ 

3 

3 

3 

23 

3 

3- 

23 

4 

2-3 

3 

2-3 

23 

23 

3-4 

3 

2-3 

4 

2.3 

3 


2-3 

3 

2.3 

3+ 


Sun  (Rowland) 


55 

55 
57 
62 
88 
4194 
4232 


4294 


4350 
4369 


4411 
11 

23 
26 


4506 
06 


24 


Remarks 


48  00 

80  00 

59  00 

83  I 

48  00 

78  00 

76  00 


18  0 
04  000 


08   000 


00 
00 


75  00 

88  00 

75  000 

84  000 


46  00 

38  000 

74  00 

12  000 


Ha/ 


09      000 

26     00  Ba 


A/tt 


46 


B.  HASSELBERG 


Sun  (  Rowland) 
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A  close  examination  of  this  table  hardly  permits  a  doubt  that 
numerous  cases  of  actual  identity  occur  among  these  approxi- 
mately equal  wave-lengths.  Nevertheless  the  extraordinary 
faintness  which  almost  universally  characterizes  the  solar  lines 
here  in  question  renders  exceedingly  difficult  the  final  decision 
of  the  question  of  coincidence,  even  with  the  use  of  the  greatest 
possible  dispersion;  while,  on  the  other  hand,  this  faintness 
gives  a  sufficient  explanation  of  the  fact  that  these  solar  lines 
appear  in  onlv  the  rarest  cases  on  my  plates  taken  hitherto. 
The  beautiful  plates  which  I  have  recently  obtained  with  the 
above-mentioned  concave  grating  will,  it  is  hoped,  assist  in  the 
further  solution  of  this  special  question. 

The  great  contrast  in  the  intensity  of  the  solar  and  Mo  lines, 
which    are   to   be   regarded    as   belonging   to    the   general    solar 
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spectrum,  from  what  has  preceded  directly  suggests  the  analo- 
gous, though  less  pronounced,  relations  which  I  have  previously 
observed  in  connection  with  the  spectrum  of  vanadium.  In  this 
metal  also  only  the  principal  lines  of  the  arc-spectrum  are 
represented  in  the  general  solar  spectrum,  but  the  lines 
offer  considerably  less  difficulty  in  observation  on  account  of  a 
less  excessive  faintness.  Since  these  vanadium  lines  have  a  con- 
siderable intensity  in  Sun-spots  according  to  Young's  observa- 
tions, it  would  be  natural  to  suspect  a  similar  behavior  of  the 
molybdenum  lines.  To  my  knowledge  nothing  is  known  on 
this  point,  however,  and  the  decision  of  the  question  will  necessi- 
tate investigations  of  the  spot  spectra  of  much  greater  com- 
pleteness than  those  which  are  at  present  available. 


THE  VARIABLE  STAR  7582  X  CEPHEI. 

By  J.  A.  Parkhl'R  st. 
Thk  variability  of  this  star  (R.  A.  2ih  3™  38^5  ;  Dec.  +  $2° 
39'  5°*3  {l900)  was  noticed  by  Madame  Ceraski  in  1898  from 
an  examination  of  photographs  taken  at  the  Moscow  Observa- 
tory by  M.  Blajko).1  Brief  notices  in  regard  to  the  star  have 
been  published  in  various  journals,  to  which  reference  will  be 
made  later,  but  so  far  no  report  approaching  completeness  has 
appeared. 

INSTRUMENTS. 

The  visual  and  photometric  observations  were  made  with  a 
6-inch  (157  mm)  Brashear  reflector  and  the  12  (305  mm)  and 
40-inch  (ioicm)  refractors  of  the  Yerkes  Observatory;  the 
photograph  of  the  field  reproduced  in  Plate  I  was  made  with 
the  24-inch  reflector,  the  original  negative  having  a  field  three 
inches  square,  covering  i~  52'.  The  central  part  of  this  field, 
enlarged  four  and  one-half  diameters,  appears  in  the  plate. 

The  photometric  observations  were  made  with  the  equalizing 
.wedge  photometer  devised  by  Professor  E.  C.  Pickering  and 
described  in  this  Journal,  13,  249  ;2  the  constant  of  Wedge  II 
there  found,  0.130  magnitude,  being  used.  This  value  of  the 
constant  has  been  confirmed  by  Mr.  Edward  S.  King  at  the 
Harvard  College  Observatory.3  In  1902  a  different  wedge  (V) 
was  used,  whose  constant  proved  to  be  somewhat  different  from 
Wedge  II.  A  new  determination  of  the  constant  of  Wedge  V, 
as  vet  unpublished,  was  made  in  the  same  manner  as  that  of 
Wedge  II,  the  resulting  value,  0.110  magnitude,  being  used  in 
the  reductions. 

POSITION    OK    THK    VARIABLE. 

The  variable  was  connected  with  the  comparison  stars  a  and 
b  on  October  11,  1898,  with   the  filar  micrometer  on  the  6-inch 

1  Asfrononnsche  Xachrit'ittti,  147*  14  I. 

a  See  sectional  <li\iwinu.  Fiij.  1,  !i\    .if.  V/.  c\  <>.  ./>///<//.?,  XLI,  242. 
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reflector,  but,  as  it  was  thirteenth  magnitude  at  that  time,  the 
position  found  was  not  very  precise,  differing  nearly  13"  from 
the  final  place.  The  measures  were  repeated  on  October  3,  1899, 
when  the  variable  had  risen  to  tenth  magnitude ;  with  the  fol- 
lowing results : 
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COMPARISON    STARS. 

When  the  variable  had  faded  below  the  limit  of  the  40-inch 
refractor  1  sent  a  request  to  Professor  Keeler,  the  late  director 
of  the  Lick  Observatory,  to  have  the  field  photographed  with 
the  Crossley  reflector,  and  he  kindly  sent  me  a  plate  taken  July 
24,  1900,  with  an  exposure  of  two  hours.  The  co-ordinates  of 
the  comparison  stars  were  measured  on  this  plate  by  Dr.  Caroline 
E.  Furness,  with  the  Repsold  measuring  machine  of  Vassar  Col- 
lege Observatory,  for  which  courtesy  I  wish  to  record  in  this 
place  my  thanks.  The  results  of  these  measures,  with  the  mag- 
nitudes described  later,  are  given  in  Table  I. 

The  measurement  of  the  light  of  these  comparison  stars,  one 
of  the  principal  objects  of  this  investigation,  was  carried  on  in 
the  following  manner: 

Five  Meridian  Photometer   stars,   lying   near  the    field,   were 
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TABLE   I. 
Comparison  Stars  for  7582  X  Cepkei. 
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b  —  B.  D.  +  82  '635  =  Car  ring  ton  3222. 
a  —  B.  D.  +  82  636  =  Carriugton  3225. 

TABLE   II. 
Standard  Magnitude  Stars  from  Harvard  Annals,  XXIV. 
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selected  from  Harvard  Annals,  XXIV;  their  notation,  positions, 
and  photometric  magnitudes  being  given  in  Table  II.  With 
these  stars  as  standards,  the  magnitude  of  four  comparison 
stars  between  eighth  and  eleventh  magnitudes,  rf,  b,  sy  and  r,  were 
measured  with  the  photometer  attached  to  the  6-inch  reflector. 
From  these  as  standards,  four  stars  between  the  eleventh  and 
thirteenth  magnitudes  were  measured  with  the  1 2-inch;  and 
finally  the  remaining  stars  were  measured  with  the  40-inch. 
That  the  reader  may  be  able  to  form  an  independent  estimate  of 
the  merits  of  the  methods  and  instruments  for  this  work,  the 
measures  are  given  in  detail  in  Table  III,  which  is  nearly  self- 
explanatorv. 
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There  are  three  main  dangers  to  be  guarded  against  in  this 
work:  (i)  the  lack  of  close  resemblance  between  the  real  and 
artificial  stars;  (2)  variation  in  the  light  of  the  artificial  star; 
and  (3)  variation  in  the  transparency  of  the  atmosphere,  from 
changing  zenith  distance  or  other  causes.  To  insure  resemblance 
in  the  star  images  the  movable  diaphragm  close  to  the  lamp  was 
provided  with  five  holes,  0.10,  0.15,  0.20,  0.25,  and  0.30mm  in 
diameter,  the  choice  of  the  hole  used  being  governed  by  the 
telescope  and  atmospheric  conditions  of  each  evening.  To 
eliminate  the  effect  of  variation  in  the  light  of  either  star,  the 
series  of  scale  readings  was  repeated  in  inverse  order  (given 
under  "Second"  in  Table  III).  An  inspection  of  the  scale 
readings  and  their  means  will  therefore  show  any  variations, 
either  irregular  or  progressive,  in  the  light  of  either  star,  and  the 
final  means  will  tend  to  eliminate  their  effects. 

In  each  division  of  Table  III  the  stars  used  as  standards  are 
given  first,  with  their  magnitudes  in  bold-faced  type.  The 
magnitudes  sought  for  the  remaining  stars  were  deduced  in  the 
following  manner :  Means  were  formed  of  the  scale  readings 
[d0)  and  magnitudes  (Mo)  of  all  the  standards.  The  difference 
between  the  mean  scale  reading  for  each  star  and  d  (d-dQ), 
was  converted  into  magnitudes  by  multiplication  into  the  wedge 
constant,  and  its  value  (AAf)  added  to  MQ. 

An  idea  of  the  errors  in  the  settings  and  the  maximum  effect 
of  irregular  changes  in  the  light  of  the  stars  can  be  gained  from 
the  average  deviations  of  the  separate  settings  from  the  means. 
The  values  are : 

For  the    6-inch  -  0.06  mag. 

For  the  12-inch     -         -         -  0.09  mag. 

For  the  40-inch  -         -         -         -    0.10  mag. 

The  agreement  of  the  final  magnitude  results  is  as  follows : 

Average   Deviation  of  One  Night's  Measure  from  Mean 

6-inch         -         -         -         -    0.10  mag.     4  stars 
1 2-inch     -  0.04  mag.     4  stars 

40-inch         ....    0.08  mag.     7  stars 
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TABLE  III. 

Photometric  Measures  of  Comparison  Stars. 
1900,  October  19  ;  6-inch.  Wedge  II;  seeing  very  good. 


Star 

Scale  R 

EADINCS 

Mean 
Scale 

Mag. 

1 

16.5 

First 

Second 

Reading 

A 

16.4 

17.2 

18.  I 

19. I 

18.0 

17.55 

7-99 

B 

15.4 

15. I 

15.8 

16.2 

16.8 

I4.7 

15.67 

7  83 

C 

12.0 

II  .0 

II. 2 

12.5 

12.6 

11. 6 

II.82 

7  47 

D 

14.2 

13-3 

I4.6 

13.4 

13.5 

12.9 

13   65 

7-73 

E 

18.0 

175 

17.2 

14.9 

16. I 

15.0 

16.45 

8.07 

a        \ 

17.9 

18.8 

I6.9 

17.4 

17.4 

17.9 

17.72 

8.24 

b 

24.0 

23-9 

22.9 

23.2 

24.O 

23.1 

23-52 

9.12 

s 

36.4 

36.9 

38.4 

38-9 

37-1 

38.8 

37.85 

10.86 

r 

34.2 

33-4 

33-2 

32.0 

32.0 

30.8 

32.60 

10.08 

P 

32.4 

34-5 

33-8 

33-57 

10.02 

q 

37-o 

35-9 

37-2 

36.70 

10.6 

h 

44-0 

46.3 

44-9 

45-07 

12.0 

1900,  November  2  ;  6-inch. 


Wedge  II ;  Moonlight. 


E 

16.0 

16.0 

15-8 

!     16. 1 

16.8 

15.2 

15.82 

8.07 

D 

I2.7 

13.0 

12.3 

13-0 

H-2 

14.6 

13-29 

7-73 

C 

I  I  .0 

11. 7 

11. 4 

11 .0 

11. 6 

10.4 

11. 19 

7-47 

B 

15-5 

16.2 

15-8 

15.4 

lb. 1 

16.0 

15.83 

7  83 

A 

lb. 7 

17.4 

17.4 

17-9 

17.4 

17.0 

17-30 

7-99 

a 

18.4 

18.0 

18.2 

18. 1 

1S.8 

18.2 

1S.44 

8.31 

b 

25.8 

26.  3 

24-8 

25.8 

26.0 

24-4 

25.52 

9.23 

s 

38.3 

38.1 

38. 2 

36.8 

37  -3 

36.2 

37-49 

10.78 

r 

34-3 

32.9 

33-9 

33-7 

32O 

32.0 

33-24 

10.23 

IQ00,  l)ecember  12;   0  inch. 


Weilue  II. 


L 

19.8 

20.8 

20.8 

20.7 

20.8 

20.0 

20.49 

8.07 

D 

IS. 8 

19.4 

18.3 

ib. 9 

ib. 8 

16.2 

17-73 

7-73 

C 

16.5 

17.6 

17. 1       ' 

15  7 

16. 1 

15.8 

16. 4S 

7-47 

B 

IQ.4 

20.3 

20.0 

18.0 

18.6 

17.0 

18.87 

7  83 

A 

21 .9 

21 .0 

21.2 

20.8 

20. 1 

20.6 

20.94 

7-99 

b 

2Q.  Q 

20.8 

29.0 

28.8 

310 

29.8 

20.72 

9.22 

a 

22.8 

22.0 

22.4 

22.5 

20.8 

22. 1 

22. 10 

8.24 

h 

51.2 

53-8 

52.4 

54-4 

53-5 

52.7 

53-00 

12.2 

r 

35-2 

36.0 

36.0 

35- 1 

34-0 

34-0 

35-05 

9.92 

s 

42.7 

44.2 

43  0 

44.4 

43-8 

42.2 

43-39 

11 .00 
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TABLE  III.—  Continued. 
RESULTING   MAGNITUDES   FROM    MEASURES   WITH    6-INCH. 


Star 

Oct.  19 

Nov.  2 

Dec.  xa 

Mean 

a 

8.17 

8.31 

8.24 

8.24 

b 

8.92 

923 

9.22 

9.12 

i 

10.79 

IO.78 

11.00 

10.86 

r 

10.  10 

10.23 

9.92 

10.08 

P 

10.23 

10.2 

Q 

10.64 

10.6 

1900,  Sept.  12;  12-inch. 


Wedge  II;  moonlight,  clear. 


Stab 

1 

Scale  Readings 

Mean 

Scale 

Mag. 

i 

First 

Second 

Reading 
13-13 

a 

12.7 

13-2 

13.2 

13-5 

13. I 

I3-I 

824 

b 

20.5 

20.0 

20.6 

21.6 

20.9 

20.8 

20.74 

9.12 

h 

450 

41-5 

43-9 

40.3 

42.O 

431 

42.30 

II.98 

n 

51. 1 

46.5 

48.6 

47.4 

47-9 

46.4 

4798 

12.71 

I 

1  49.0 

51.8 

48.8 

48.2 

49-3 

47.0     1 

49.02 

12.84 

d 

47-2 

49-6 

48.0 

48.2 

49.9 

49.9     1 

4S.90 

12.84 

iqoo.  October  25; 

12  inch 

We 

dge  II ;  se 

eing  goo 

a 

12.5 

12.9 

13.7 

130 

130 

11. 9 

12.83 

8.24 

b 

20.9 

21 .0 

20.  Q 

21 .1 

20.9 

21 .0 

21 .61 

9.12 

s 

29.2 

30.1 

30.0 

30.0 

30.9 

29.9 

30.22 

xo.86 

'  1 

49.0 

48.7 

48.3 

48.0 

47.O 

475 

48.09 

12.92 

n       \ 

41.3 

42-3 

41.0 

41.2 

42.I 

40.8 

41-45 

12.00 

n 

45.0 

47.8 

477 

47-4 

46.5 

44.1 

46.42 

12.64 

■  1 

)    46.1 

46.1 

44.2 

49.0 
49.1 

47.O 
49.5 

45-0 
50.8 

47-09 

12.73 

RESULTING    MAGNITUDES    FROM    MEASURES   WITH    12-INCH. 


Star 

Sept.  19 

Oct.  35 

Mean 

h 

II.98 

12.00 

11.99 

d 

I2.84 

12.92 

12.88 

I 

I2.84 

12.73 

12.79 

n 

12.71 

12.64 

12.68 
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1900,  September  13;  40-inch. 


Wedge  II;  seeing  good. 


Star 


Scale  Readings 


First 


s 

14.2 

18.2 

15.0 

h 

22.4 

22.2 

22.8 

d 

25.8 

28.1 

26.8 

I 

29.8 

27.2 

29.2 

t 

38.8 

40.8 

38.8 

X 

49.3 

49-3 

47.1 

f 

31  •  I 

29.9 

321 

w 

3G.2 

372 

36.2 

c 

26. 1 

26.2 

20.0 

a 

26.5 

29.5 

27.2 

u 

43.8 

43-3 

44.4 

k 

26.7 

22.8 

24.6 

I      16.9 
!      22.2 


Second 


15. I 
23  -3 


14. 1 
22.0 


28.5       27.0       30.0 

37-0       37-4       36.9 
49-3       49-4       50  0 


25.9       24.0       27.5 


Mean 

Scale 

Reading 


15.74  10.86 

22.49  I      11-99 

26.90  12.88 

28.62  12.79 


38.29 

14.06 

49.07 

15.47 

31.10 

1313 

36.53 

13.82 

25-95 

12.46 

27-73 

12.69 

43-83 

14.78 

24.70 

12.29 

1902,  January  7  ;  40-mch. 


Wedge  V  ;  seeing  good. 


d 

21.9 

25-7 

24.7 

24.8 

23.6 

24.7 

25.4 

24.1 

24.42 

12.88 

.    / 

29.2 

27-9 

29.9 

2S.2 

22   5 

23-5 

21.8 

21.8 

2S-60 

12  79 

ft 

22.2 

24.O 

21.7 

-:<>•* 

20.4 

20.4 

18.8 

19.3  1 

2I.I8 

1268 

f 

17.0 

20.  3 

20.4 

20.9 

22.0 

19.7 

21.8 

20.  I    ' 

20.15 

1 2 .  39 

X 

49-8 

Si -7 

48.8 

50.7 

51.  1 

52.8 

s2.0 

SO.  6  1 

50.94 

15.77 

g 

20.0 

23. s 

21.8 

23  •  2 

23.2 

22.5 

21.8 

21.8   ' 

22.27 

12.62 

w 

3S.1 

V)  ■  2 

;8.6 

38 .2 

32.9 

33.  1 

33.8 

j^  ^ .  ; 

;s.oi 

14.12 

f 

1   28.7 

29  •  5 

30 . 0 

2S.Q 

28.2 

2*.  8 

2S.0 

20.2 

28.62 

13  32 

t 

3  3-2 

35.0 

33-7 

36 .  0 

37-2 

37-2 

37.4 

37-8 

35-94 

14. 12 

u 

1   42.0 

44-3 

42.7 

43-7 

43-5 

43-4 

44.2 

43-8 

43-57 

14.96 

RESULTING    MAGNITUDES    FROM    FIRST    TWO    SETS    WITH    40-INCH. 


Star 

Sept.  n 

Jan.  7 

Mean 

e 

12.46 

12.  }Q 

12.43 

k 

12.29 

12. 2Q 

g 

I  2  .  (»Q 

I  2  .  02 

12.66 

f 

13     13 

I  3.32 

13-23 
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TABLE  III.—  Continued. 
1900,  September  6;  40-inch  Wedge  II ;  bright  Moon. 


Scalh  Readings 

Mean 

Star 

First 

Second 

Scale 

Reading 

Mag. 

d 

22.0 

21.5 

23.O 

29.4 

27.8 

25.I 

24.80 

12.88 

I 

28.2 

29.5 

29.2 

33-0 

30.5 

29.9 

30.05 

12.79 

e 

25-4 

24.8 

27.O 

254 

25.O 

23.6 

26.20 

13-43 

Z 

27-8 

28.0 

28.I 

26.3 

30.3 

27.O 

27.92 

12.66 

f 

30.6 

31. 8 

328 

30.0 

32.7 

330 

31-82 

1323 

W 

38.0 

35-9 

35-3 

36.8 

390 

39-0 

37-34 

1399 

t 

38.7 

40.8 

40.6 

40.05 

13-35 

u 

41.9 

44.2 

43-1 

46.8 

45.O 

455 

44.42 

14.91 

1900,  May  8 ;  40-inch. 

Wedge  II  ;  seeing  poor. 

e      ;  28.8    31.2    28.2 

g    \  27.8   27.6   31.2 
/         42.2    41.8 

u      |   48.9     48.9 

27.2 

28.5 

30.4     27.7     28.5     31.8 
32.2     31.8     33.2     26.5 

2923 
29.86 

42.0 
48.9 

ia-43 
12.66 

14.2 
15. 1 

RESULTING    MAGNITUDES    FOR   /,  U,  and  W  WITH  40-INCH. 


Star 

Sept.  13 

Jan.  7 

Sept.  6 

May  8 

Mean 

/ 
u 
w 

14.06 
1478 
13-82 

14.12 
I4.96 
14.12 

14.35 
I4.9I 
1399 

(I4.2) 
(15- I) 

14.18 
I4.88 
13.98 

1902,  May  29  ;  40-inch. 


Wedge  V;  seeing  fairly  good. 


Star 

Scale  Readings 

Mean 

Scale 

Reading 

Mag. 

First 

Second 

u 

X 

39.O     39-2      384     39-8 
447     454     45-6     45-8 

52.4     52.6     52.5     54.0 

39*5     39-4     40.1     390 
45.0     45.0     46.0     45.5 

52.2     50.5     52.0     53.5 

39-30 
45-38 

52.47 

1418 
1488 

15-66 

RESULTS    FOR   ALL    MEASURES   OF    X  WITH    40  INCH. 


Star 

Sept    13 

Jan.  7 

May  29 

Mean 

X 

15-47 

15.77 

15.66 

15.63 

5° 
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MAGNITUDE    CURVE. 

The  visual  observations  of  the  variable  were  made  bv  Arge- 
lander's  method,  and  a  light-scale  formed  from  the  resulting 
intervals  between  the  comparison  stars,  expressed  in  steps.  Fig. 
I  shows  the  correspondence  between  the  light  of  the  stars 
expressed  in  steps  and  the  magnitude  found  by  the   photometer. 
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It  is  platted  with  the  photometric  magnitudes  as  abscissae  and  the 
step  values  in  the  light-scale  as  ordinates.  The  average  distance 
between  the  platted  points  and  the  smooth  curve  drawn  through 
them  is  about  0.10  magnitude.  This  curve  serves  to  fix  the 
magnitudes  of  the  three  stars,  j\  /-,  and  ;;/,  which  were  not  meas- 
ured with  the  photometer,  and  also  to  translate  the  brightness 
of  the  variable,  expressed  in  steps  in  the  comparisons,  into  mag- 
nitudes. 

VISUAL    OBSERVATIONS    OF    THE    VARIABLE. 

These  observations  are  given  in  detail  in  Table  IV,  the  head- 
ings of  the  columns  leaving  little  explanation  necessary.      In  the 
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column  headed  "Details  in  Steps"  the  light  of  the  variable  is 
deduced  from  the  position  of  each  comparison  star  in  the  light- 
scale  as  given  in  the  last  column  of  Table  I.  When  the  variable 
was  invisible,  the  brightness  of  the  faintest  comparison  star 
which  could  be  seen  is  given,  preceded  by  the  inequality  sign, 
< ,  which  should  be  read  "  fainter  than,"  instead  of  in  its  usual 
significance,  "  numerically  less  than,"  the  quantity  following.  In 
the  comparisons,  v  stands  for  the  variable. 

THE    LIGHT    CURVE    OF    THE    VARIABLE. 

Plate  II  gives  a  graphic  representation  of  the  star's  variations, 
platted  with  time  as  abscissae  and  magnitudes  as  ordinates.  The 
visual  magnitudes  are  shown  in  dots  and  the  photographic  mag- 
nitudes from  the  two  plates,  July  24,  1900,  and  March  13,  1902, 
in  small  crosses.  These  two  latter  are  not  directly  comparable 
with  the  visual  results,  a  difference  of  one-half  magnitude  or 
more  being  indicated.  On  dates  when  the  variable  could  not 
be  seen  the  limiting  magnitude  visible  is  indicated  by  the  sign  v 
The  curve  drawn  through  the  platted  points  shows  the  maximum 
magnitude  to  be  9  or  10.  This  agrees  sufficiently  well  with  the 
visual  and  photographic  observations  of  Ccraski  and  Blajko,' 
who  found  it  between  ninth  and  tenth  magnitude  in  May  and 
June,  1898.  The  magnitude  at  minimum  is  not  far  from  17, 
being  below  the  limit  of  the  40-inch  with  a  low  power. 

The  Julian  dates  of  the  two  maxima  are  about  241  4935  and 
2415500;  of  the  minima,  241  5250  and  241  5810;  the  intervals 
being  565  and  560  days,  respectively.  The  sudden  rise  to  maxi- 
mum in  1899  is  not  entirely  confirmed  by  the  other  parts  of  the 
curve,  but  the  observations  seem  definite  on  that  point. 

LIMITING    MAGNITUDES. 

A  point  of  interest  in  regard  to  the  photometry  of  faint  stars 
is  touched  by  the  limiting  magnitudes  of  the  different  apertures 

M.  iV.,  153,  297- 
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TABLE  IV. 

7382  X  Cephei 

Comparisons  of  the  Variable  by  Argelander's  Method. 


No. 


2 
3 
4 
5 
6 

7 

8 

9 

10 


28 
29 
30 
3i 
32 

33 

34 
35 

36 

37 

38 
30 
40 

41 

42 


Datk 


1898 
Sept. 


Oct. 


Nov. 


12 

13 

Dec. 

14 

IS 

1899 

16 

Jan. 

17 

Feb. 

18 

19 

20 

Mar. 

21 

22 

23 

Apr. 

24 

25 

Mav 

20 

lulv 
Aug. 

Sept. 

Oct. 


Nov. 


I  >ee. 


Day 


4 
15 

JS 

6 

It) 


3 
6 

7 

20 

5 
11 
28 

3i 

2 

0 

16 

30 

7 

13 
30 

8 
1 
7 

15 
6 
15 
31 
12 
28 

29 

6 

5 

30 

26 

30 

3 


18    I 
24    I 


Hour 

Julian 
Day 

:.s.t. 

G.  M.  T. 

9 

4536.6 

9 

4539-6 

9 

4540.6 

8 

4553.6 

8 

4568.6 

8 

45746 

6 

4591-5 

6 

4594-5 

7 

4596.5 

7 

4600.5 

7 

4610.5 

6 

4624.5 

7 

463I-5 

6 

4637^ 

6 

4654.5 

6 

4663 • 5 

6 

4680.5 

7 

4692.5 

18 

4702.0 

7 

4720.5 

8 

4729.5 

8 
8 
9 
9 
9 
10 
9 
9 


47  45-5 
4757-0 
4773-6 
4775-6 
4804.6 

4842.7 

4S72.6 
4S97.6 

4024.5 
4928.5 
4931  .6 

\ 
4034-5  : 


4946. 
4952. 

4957- 

496; 

4074. 

40S1. 
49S7. 

4995' 
500S. 


5 
-  )  I 


80 
150 

150 
150 

80 
150 

80 
200 

80 
200 
150 
200 
150 
200 

200 


200 
150 

150 
150 
200 
200 
200 
150 
150 
150 
150 
150 
80 

\o 

150 

So 

40 
150 

40 
150 

40 
150 

40 
150 
150 

150 


I 


< 


Comparisons 


a  and  b  seen,  nothing  else  near 

v  1-2  d,  d  2  e%  e  1  /,  e  I  g 

No  change 

h  2  v.  v  limit,  is  this  v? 

e  2  7/,  e  1  g,  c  d,   d  3  f 

g  I  v,  e  I  -2  v,  d  2  v,  v  2  / 

Vi  <A/>  c  and  g  not  seen 

v,  d.f,  e  and  g  not  held 

e  3  7',  g   1-2  V,/  1-2  V 

<?,  g  and  d seen,/ and  v  glimpsed 

Nothing  seen  near  v 

e,  d, /and  g  seen,  v  not  seen 

v  not  seen 

7'  not  seen 

d,  e%  /  and  £T  seen,  7'  not  seen 


^,/and  at  seen,  7'  not  seen 
^,  /,  ^  and  v  not  seen 
r  and  g  seen,  t/  not  seen 
^, /and  £r  seen,  v  not  seen 
e% /and  #  seen,  7/  not  seen 

seen,  -<>  not  seen 

.  <%/and  g  seen,  7'  suspected 

and  r/seen,  7>  not  seen 
t,/"and  ^seen,  7'  not  seen 
<•,  /and  g  well  seen,  t>  not  seen 
if, /and  £  well  seen,  v  not  seen 
^,/and  a'  well  seen,  7'  not  seen 
«\/and  ^  seen,  7'  not  seen 
rand  g  seen,  7;  not  seen 

4  7\  7'  0-1  r,  v  1-2  / 

2-3  7',  :■  1  2  ;-,  v  \  p 

3  4  7',  v  r 
2-3  7',  7'  2  r 
3-4  v,  v  2-3  r 

4  7\  r  1  7%  7'  p,  v  I  q 
34  7',  7/2-3r,  z/  2-3 /> 
4-5  7',  r  2-3  v 

4  i',  r  l  »,  v  4  J 

5  v,  7,-  3  -v 

4-5  i\  v  /%  v  3  J 

10  7'  ±,  r  2  7',  7'  2  X 

6-8  7'.  r  3  i>%  v  2  s 

4  7',  J   I    7',  7/  4  A 
2   7>,  7/  2  /j 
7',  V   1-2  h 


THE  VARIABLE  STAR  X  CEPHEI 


59 


TABLE  IV. 


7382  X  Cephei 
Reductions  of  Observations. 


Means 

Seeing 

Remarks 

Details  in  Steps 

1 

Steps 

Mag. 

I 

<27 

<ii-3 

moon 

limit  \0<b 

2 

2/3 

27-3 

12.27 

fair 

limit  g 

3 

12. 3±: 

4      ' 

27.O 

27.O 

12.30 

fair 

limit  v ,  is  it  v  ? 

5 

22.4 

22.4 

13-16 

good 

b 

21.9,  22.9,  23.8,  24.5 

232 

13-01 

good 

limit/ 

7 

<28 

<I2.I 

full  moon 

limit  \<h 

8 

<27 

<I2.3 

fair 

limit  2<h 

Q 

21.4,   21.4,    21.0 

21.2 

1340 

tfood 

10 

22  ± 

I3-2± 

good 

11 

<29 

<  12 

fair 

limit  h 

12     i 

<22 

<I3-2 

good 

limit/=3  <e 

13     1 

<2I 

<i3-4 

good 

limit  1  </ 

U     ' 

<23 

<i3-0 

fair 

limit  g 

15 

<2I 

<i3-4 

good 

limit  1  </ 

lb 

<2I 

<i3-4 

good 

limit  1  </ 

!~ 

<29 

<I2 

poor 

limit  // 

IS 

<23 

<i3-o 

IQ 

<22 

<I3-2 

good 

20 

<23 

<I3  0 

21 

<24 

<I2.9 

clouds 

22 

<22 

<I3  2 

good 

23 

<24 

<I2.9 

good 

24 

<22 

<  1 3 . 2 

good 

2  5 

<22 

<  1 3  •  2 

good 

2b 

<22 

<i3-4 

good 

27 

<22 

<  1 3  -  3 

good 

2* 

<23 

<i3.i 

2Q 

<23 

<i3.i 

fair 

30 

3»-3,   38.3.    38.9 

38.5 

10.00 

good 

31 

398.  39-3,  38.4 

39- 1 

9.88 

good 

32 

38.8,  37-8 

38.3 

10.05 

good 

A 

30-8.  39-8 
l8.8.  40.3 

399 

974 

fair  to 
good 

M 

38.  ?.  30.8,  37-4,   375 

37-5 

10.22 

moon,  fair 

35 

38.8,  40.3,  39-9 

39-7 

976 

good 

36  j 

37-8,  34-8 

38.3.  36.8.  36-8 

36.9 

10.33 

good 

'-) 

37-3.  35-8 

37-8.  37-8,  35-8 

36.9 

10.33 

good 

tt 

323.  35-8.  34-8 

34-2 

10.87 

moon,  fair 

30 

35-3*  34-8,  34-8 

34.9 

10.78 

fair  to  good 

40 

33.8.  31-8,  33-° 

32.8 

11.20 

fair  to  good 

41 

30.8,  31.0 

30.9 

11-57 

fair 

42 

328,  30.5 

316 

11.44 

fair 

6o 


/.  A.  PARK  HURST 


TABLE  IV—  Continued. 


~ 

Date 

t 

No. 

1 

i 

< 

Comparisons 

Month 

Day 

Hour 

Julian 
Day 

O 

1899 

C.  S.  T. 

G.  M.  T. 

43 

IQOO 

29 

7 

5018.5 

150 

6 

s  3  vy  h  1  7',  v  4  / 

44 

Jan. 

4 

7 

5024.5 

150 

6 

s  4-5  z»,  //  2  v,  v  3  / 

45 

21 

6 

5041.5 

350 

40 

46 

Feb. 

IS 

M 

5069.8 

350 

40 

e  8  v,  7.'  8  t,  v  2  e 

47 

25 

9 

5076.O 

275 

12 

ci  v.vAv$t 

48 

Mar. 

21 

8 

SIOO. 0 

275 

12 

t   1    7',   7/    I    ~V 

49 

22 

10 

5 1 0  I  .  7 

350 

40 

7'  /,  7'  I  :.' 

50 

Apr. 

18 

13 

5128.8 

?>>n 

40 

7'  not  .seen,  /  glimpsed 

51 

^7 

12 

5137 -s 
5148.8  \ 

2  37 
35° 

40 
40 

w  0  7-,  /  0  :\  u  3  7\  v  3  X 

U   5    7' 

52( 

May 

8 

14 

400 

40 

It   6  7',  A'O-I   "' 

400 

40 

u  5  7\  x  I  7',  7t'  8  "/,  repeated 

53 

29 

'3 

516Q.8 

2>7 

40 

-v  4-5  v 

54 

June 

13 

12 

5184.8 

350 

40 

r>,  u  or  x  not  seen,  7t'  seen 

55 

19 

14 

5 1  go. 8 

350 

40 

7'  and  x  not  held 

5& 

21 

5103.0 

237 

40 

v  not  seen 

57 

July 

* 

-4 

522  s 

5$ 

25 

'5 

522O.0 

4  Oo 

40 

7'  not  seen 

59 

AUU. 

20 

15 

5201 .0 

400 

40 

7/  not  seen 

Oo 

Sept. 

0 

9 

5200.6 

257 

40 

:•  or  x  not  seen 

01 

13 

8 

52  7  (J.  6 

2  37 

40 

<■  not  >een 

62 

Oct. 

10 

9 

5309.0 

400 

40 

.1-  3   4  7.',   7'   4  .V 

63 

-5 

" 

5318.7 

400 

40 

.V  2    L' 

64 

Nov. 

15 

0 

53^9-5 

150 

0 

7-'  not  seen 

65 

Dec. 

1 1 

0 

530.5-5 

150 

() 

7'  not  seen 

6  b 

1 90 1 

19 

0 

5373 • 5 

150 

0 

v  not  seen 

67 

Jan. 

24 

7 

5409.5 

350 

40 

/  2  :>,  7.'  2  // 

68 

Slav 

16 

8 

5521 .0 

80 

12 

^  5  77,  r  2  7>,  7;  4  J 

00 

( )ct. 

18 

8 

5676.0 

80 

12 

:•  not  seen 

70 

Nov. 

1 

8 

5000.0 

275 

12 

/  2  7%   V    I    «',   7'    I    U 

7i 

4 

9 

5093-6 

4  00 

40 

/  4   7',  7f   4   7%   V  It 

7-2 

J  )ec. 

1902 

21 

7 

5740-5 

350 

40 

7!  not  seen 

73 

Mar. 

13 

11 

5827.0 

24  inch  reflector,  v  l/2  !"   x    < 

r 

74 

15 

14 

5824.9 

460 

4" 

7'  or  j  not  seen 

75 

May 

2 

5872 

237 

40 

/  0  7%  7*  4  7',  7'  4  .r 

76 

20 

9 

5899.6 

237 

40 

photometer 

77 

Oct. 

I 

0 

6024.O 

237 

40 

.c  2-3  v,  b  10  7',  z/  10  h± 

7* 

31 

9 

6053.6 

237 

40 

S  7'    ± 

_  

— 
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Dktails 

m  Stops 

Means 

S  being 

Remarks 

Steps 

Mag. 

43 

29.8,    28.O, 

29.8 

29.2 

II.89 

good 

44 

28.3,   27.O, 

28.8 

28.0 

12. II 

fair 

"\ 

(Nothing  as 

good 

j  bright  as  16  m 

(  within  1  -Soiv 

46 

16.4,   25.8, 

20.9 

21.0 

1342 

fair,  moon 

47 

23.4,   22.5, 

20.8 

22.8 

13. II 

good 

limit/ 

48 

16.8,    18.O 

17.4 

14.05 

good 

limit  w 

49 

17.8.    18.O 

17.9 

14.00 

good 

50 

<I8 

<i4-0 

moon,  haze 

5* 

11. 1,    11  .8, 
1    8.5,      7-5. 

ie-5,  10.5 
7-0 

10.9 

1520 

good 

limit,  2-3  <x 

52 

i   7-5.     7-o, 
(  8.5,     6.5. 

9.0 
9.0 

7.8 

I5.7I 

fair 

limit  v 

53 

3-o 

3-0 

16.50 

fair 

limit  v 

54 

<i5 

moon 

limit  K/ 

55 

<i5 

fair 

limit  K/ 

50 

<    3-0 

<*6.5 

limit  4-5 <x 

57      ( 

<  16.5 

Crossley  plate 

5* 

<   4-5 

<I6.2 

good 

limit  3<x 

59 

<  3-5 

<i6.4 

good 

limit  4<x 

60      1 

<i3-5 

<M7 

moon 

limit  u 

61       1 

<i6 

limit  %  m  <x 

t2      1 

4.0,     4.0 

4.0 

16.33 

limit  y 

6? 

5-5 

5-5 

16.09 

thro'  clouds 

64      1 

<22 

03 

good 

65      ' 

<22 

<I3 

good 

60      | 

<23 

<I3 

good 

t>7 

15.8,  15.5 

15.6 

1439 

fair 

68 

37- 3*  35-8. 

36.8 

36.6 

10.42 

good 

6r> 

<I9-4 

03-7 

fair 

limit  3-4  <^ 

"°       1 

15.8,    18.0, 

14-5 

16. I 

14-30 

good 

limit  1  <w 

71       - 

13-8,   130, 

13-5 

13.4 

14.76 

poor 

limit  1  <u 

72       1 

<I3-5 

04.7 

fair,  moon 

limit  u 

73 

I7#± 

good 

74 

<  5 

<i6 

unsteady 

limit  2-3<jr 

7*     i 

11. 8,     9-5. 

11. 5 

11. 3 

15.10 

good 

76      1 

15.21 

fairly  good 

77      1 

30.3.  32-3* 

39   0 

30 

11. 7± 

poor 

78      1 

33 

11. i± 

poor 
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used  in  this  work.     If  we  assume  13.0  magnitude  as  the  limit  of 
6  inches  aperture,  we  have  the  following  table  : 

Aperture 

Magnifying  power  -      -         -         -         - 


lit    ] 


_  .    .      ,   Observed 
Limit    {    _  .     ,       , 
Calculated 


6 

12 

40 

200 

2/5 

460 

M 

M 

M 

13.2 

14.2 

I7.0 

13.0 

M.5 

17. 

The  visibility  of  stars  fainter  than  the  theoretical  limit  of  a 
6-inch  reflector  seems  due  to  the  use  of  a  (proportionally)  high 
power,  while  the  lack  in  the  12-inch  seems  due  to  the  compara- 
tively low  power. 

I  wish  in  this  place  to  acknowledge  my  indebtedness  for 
assistance  in  the  work  to  Miss  Kate  Bloodgood,  who  has  formed 
the  light-scale  and  reduced  the  visual  observations  ;  to  Mr.  Ferdi- 
nand Ellerman  for  preparing  the  photograph  of  the  field  for  the 
engraver,  and  to  Mr.  Frank  Sullivan,  who  recorded  the  photo- 
metric measures  with  the  40-inch. 

Yerkks  Obshrvatory, 

December  1902.  » 


THE   PROPER    MOTIONS  OF  THE  STARS. 
By  Gavin  J.  Burns. 

Of  all  methods  of  investigating  the  problem  of  the  constitu- 
tion of  the  stellar  universe,  none  is  more  promising  than  the 
study  of  the  proper  motions  of  the  stars.  Some  of  the  infer- 
ences that  may  be  drawn  from  what  is  already  known  of  the 
proper  motions  of  the  stars  will  be  considered  in  this  paper. 

The  material   for   this   investigation  has  been  obtained  from 
the  catalogue  of  the  proper  motions  of  2,641  stars  by  M.  J.  Bos- 
sert,  published  in  the  Afinales  de  Fobservatoire  de  Paris  in  1896. 
This  catalogue   is   confined  to   proper  motions  of  over  o!oi  in 
R.A.  or  of  1  in  declination  which  have  been  deduced  from  obser- 
vations extending  over  at  least  fifty  years.     The  following  table 
gives   a   summary    of    the    stars    contained    in    this    catalogue, 
arranged  according  to   magnitudes.     The  numbers  in  the  first 
column  are  proper   motions^  measured   on   the   arc  of  a  great 
circle: 


Magnitude 

Propbb  Motion 

0 

0 

M 

O 

0 

0 

2 

O 

0 

CO 

0 

CO 

it 

e  0 

Total 

Se£  per  annum 

O.l  to  0.2 

No. 

4 
4 
3 
4 

No. 
10 
12 

7 
0 

No. 

33 

23 

9 

8 

No. 
68 
50 
22 
11 

No. 

128 
9i 
24 
17 

No. 

218 

213 

64 

30 

No. 
265 
271 

88 
30 

No. 

236 
292 

"3 
29 

No. 
70 
67 
24 
14 

175 

1,032 

1,023 

354 

C.2  to  0.4 

0.4  to  0.8 

Over  0.8 

143 

Tota] 

15 

29 

73 

151 

260 

525 

654 

670 

2,552 

On  examining  the  above  table  it  will  be  found  that  little  con- 
nection can  be  traced  between  the  magnitude  of  a  star  and  its 
proper  motion.  The  first  two  lines,  for  instance,  consist  of 
a  nearly  equal  number  of  stars  distributed  throughout  the  vari- 
ous magnitudes    in   nearly  the  same  proportion.     The  numbers 
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also  in  columns  6  to  9  show  much  the  same  distribution  of  proper 
motions.     Thus  we  find  that 

The  average  magnitude  of  a  star  having  a  p.  m.  of  o'i  too'2  is  7.0. 
The  average  magnitude  of  a  star  having  a  p.  m.  of  o'2  to  0*4  is  7.1. 
The  average  magnitude  of  a  star  having  a  p.  m.  of  0*4  to  o'8  is  7.2. 
The  average  magnitude  of  a  star  having  a  p.  m.  of  over    o'8  is  6.9. 

I  believe  it  is  now  generally  admitted  by  astronomers  that 
the  proper  motion  of  the  stars  is,  on  an  average,  proportional  to 
their  parallax.  It  follows  that  a  very  large  proportion  of  the 
fainter  stars  out  of  the  2,552  above  enumerated  must  be  at  nearly 
the  same  distance  as  the  brighter  stars.  Each  number,  in  fact, 
in  any  horizontal  line  represents  a  group  of  stars  at  nearly  the 
same  average  distance  from  us.  Now,  if  we  leave  out  of  con- 
sideration stars  of  the  ninth  magnitude  and  over,  it  will  be  seen 
that  the  numbers  increase  from  left  to  right  with  only  three 
exceptions.  Hence,  if  we  agree  to  measure  the  "size"  of  a  star 
by  the  quantity  of  light  it  emits,  it  follows  that,  so  far  as  the 
stars  actually  enumerated  are  concerned,  they  become  more 
numerous  as  they  decrease  in  "  size."  The  apparent  exception 
in  the  case  of  stars  of  the  ninth  magnitude  is  doubtless  due  to 
lack  of  material  for  calculating  the  proper  motion  of  the  fainter 
stars. 

The  question  here  arises  as  to  how  far  the  2,552  stars  under 
consideration  may  be  taken  as  representative  of  the  stars  in  gen- 
eral. Now,  it  is  much  more  likely  that,  for  any  given  proper 
motion  and  for  any  two  given  magnitudes,  the  number  of  stars 
of  the  fainter  magnitude  will  hereafter  be  augmented  by  further 
observation  and  research  than  the  number  of  stars  of  the  brighter 
magnitude.  Taking  this  into  consideration,  it  appears  very 
probable  that  the  stars  do,  in  fact,  increase  in  number  as  they 
decrease  in  size.  Doubtless,  there  is  some  particular  "  size  "  of 
star  which  is  more  numerous  than  any  other,  larger  or  smaller, 
but  there  are  no  data  for  determining  what  it  is. 

Let  us  next  see  what  light  may  be  gained  on  the  question  of 
the  distribution  of  stars  in  space. 

The  following  list  shows  the  number  of  stars  under  the  sev- 
enth magnitude : 
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Under  magnitude  2.00  there  are  40  stars. 
From  2.00  to  2.99  there  are  99  stars  =  2.5X40. 
From  3.00  to  3.99  there  are  317  stars  =  3.2X99. 
From  4.00  to  4.99  there  are  1,020  stars  =  3.2X317. 
From  5.00  to  5.99  there  are  2,865  stars  =  2.8X1,010. 
From  6.00  to  6.99  there  are  9,554  stars  =  3.4x2,865. 

The  above  numbers,  except  the  last,  have  been  obtained  by 
actual  enumeration  from  the  Harvard  Photometries.  The  9,554 
stars  is  an  estimate  made  by  Mr.  J.  E.  Gore  from  the  numbers 
in  the  Harvard  Photometric  Durchmusterung.  Professor  Newcomb 
calls  the  ratio  of  the  numbers  of  stars  of  two  successive  magni- 
tudes (given  above)  the  "  star-ratio."  It  will  be  noted  that  the 
star -ratio  to  the  seventh  magnitude  has  an  average  value  of  3. 

Now,  suppose  that  at  the  distance  xx  there  are  n  stars  of  such 
a  size  as  to  appear  as  stars  of  the  first  magnitude;  that  at  the 
distance  *a  a  star  of  the  same  size  appears  as  a  star  of  the  second 
magnitude,  and  so  on.  Suppose,  further,  that  the  number  of 
stars  at  the  distance  xx  of  the  second  magnitude  is  nma,  of  the 
third  magnitude  nm^  etc.  Then,  on  the  hypothesis  that  stars 
of  all  sizes  are  distributed  in  the  ratio  1,  r,  ra,  r3  .  .  .  .  at  the 
distances  xxt  x9t  x3,  xA  .  .  .  .  ,  we  find  that,  if  stars  nearer  than 
xx  are  neglected, 

The  number  of  stars  of  first  magnitude      =  n 

The  number  of  stars  of  second  magnitude  =  run*  +  *>* 

The  number  of  stars  of  third  magnitude    =  nm3  +  nm^r  -f-  nr* 

The  number  of  stars  of  fourth  magnitude  =  nmA  +  nmzr  +  «wa^  +  nrz  . 

Consequently,  if  Rx%  Ra.  R3  are  the  star  ratios, 
&v  =  *»*  +  r 

*.=■ 


m^  +  r 


Jt= m*  +r  . 

3       m3  +  ms  +  ^ 

We  see  from  the  above  formulae  that  r  is  always  less  than  the 
star- ratio,  unless  m  =  o,  in  which  case  R  =  r.  If  all  the  m's  be 
equal,  the  star-ratio  will  constantly  diminish  for  higher  magni- 
tude. If,  as  appears  to  be  the  case  in  reality,  the  m's  increase 
with  the  magnitude,  r  might  be  much  less  than  the  star-ratio. 
Now,  it  can   be  readily  shown  that  for  a  uniform  distribution  of 
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the  stars  in  space  r—  4.  But  R—  3.  Consequently  r<  3,  and 
probably  r  is  considerably  less  than  3.  This  implies  that  the 
stars  thin  out  as  their  distance  from  us  increases.  It  is  true  that 
this  reasoning  is  not  demonstrative,  for  we  have  assumed  r  to  be 
constant.  Nevertheless  it  is  difficult  to  avoid  the  conclusion 
that  with  a  star-ratio  of  3  the  stars  do  in  reality  thin  out  as  they 
recede  from  our  system. 

The  truth  of  this  may  be  shown  in  another  way.  If  the  stars 
were  all  moving  at  the  same  average  velocity  at  right  angles  to 
the  line  of  sight,  the  number  of  stars  having  angular  proper 
motions  lying  between  a  and  2a  would  be  eight  times  the  num- 
ber of  those  having  proper  motions  between  2a  and  4*7,  upon 
the  hypothesis  of  uniform  distribution.  A  glance  at  the  table 
already  given  will  show  how  greatly  the  smaller  proper  motions 
fall  short  of  the  number  we  should  expect.  It  is  true  that  this 
defect  of  small  proper  motions  may  be  largely  due  to  insuffi- 
ciency of  data,  as  large  proper  motions  are  much  more  likely  to 
be  discovered  than  small  ones.  If  this  were  the  only  cause,  we 
should  expect  that,  as  our  knowledge  extended,  the  known  num- 
ber of  small  proper  motions  would  show  a  relative  increase.  Hut 
this  does  not  seem  to  be  the  case.  The  following  table  gives 
the  number  of  stars  in  Dunkin's  list1  published  in  1863  and 
Bossert's  catalogue  published  in  1896  : 


Pkoi'er  Motion- 

No.  of  > 

QO 
12 

I )  UN  KIN 

Bos 

=iEKl 

in  Seconds  per  Annum. 

tars     1         Per  cent. 

_  _    1 

1               00 

1               27 
1             10 

100 

1 

|      No.  of  stars 

Per  cent. 

0 .  I    lo   0  .  2 

0 .  2    to    O.4 

0.4    to    O.N   

Over  o.S 

I           1,0^2 
1,023 

1            M.i 

40 
40 

M 

6 

Total     

^01) 

1        2'5?2 

100 

It  will  be  remembered  that  Bossert's  catalogue  omits  proper 
motions  under  0.0 1  in  R.  A.  Consequently  it  is  deficient  in 
proper  motions  between  of  1  and  of 2  of  arc.  When  allowance 
is  made  for  this  deficiency,  the  two  lists  will  be  found  to  contain 
nearly  the  same  proportion  of   proper  motions  of  different  mag- 

1  Memoirs  of  A'.  A.  S.,  32. 
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nitudes,  except  for  those  over  of 8,  in  which  there  is  a  decided 
increase.  This  is  exactly  the  opposite  of  what  might  have  been 
anticipated.  The  inference  is  that  there  is  in  reality  a  much 
greater  number  of  stars  with  large  proper  motions  than  there 
would  be  if  they  were  uniformly  distributed  throughout  the  stel- 
lar universe. 

Upon  the  whole  we  appear  to  be  justified  in  coming  to  the 
following  conclusions : 

1.  The  stars  increase  in  number  as  they  decrease  in  size.  In 
other  words,  smaller  stars  are  more  numerous  than  larger  ones. 

2.  The  stars  thin  out  as  their  distance  from  the  solar  system 
increases. 

Another  remarkable  fact  connected  with  the  distribution  of 
proper  motions  is  that  double  stars  have  frequently  large  proper 
motions.     The  following  comparison  illustrates  this  : 

Average  p.  m.  of  778  stars  from  first  to  fifth  magnitude  (average 
masmitude=  4)  contained  in  Dunkin's  list,  ori5. 

Average  p.  m.  of  54  double  stars  from  first  to  seventh  magnitude  (aver- 
age magnitude  =  4.5)  from  Struve's  catalogue,  0^37. 

The  following  table  exemplifies  the  peculiarity  still  further  : 


A\  erage  p.  m. 
Mi^ni-       according  to 
r^e  Atrwers 


Average  p.  m. 

according  to 

Kapteyn 


I 

0^263 

2 

.137 

-> 

.09b 

4 

•075 

5 

.063 

t. 

055 

y 

.049 

Jj 

•045 

0?I96 


147 

IOI 

079 
066 


Average  p.  m.  of  south- 
ern double  stars 
(Innes) 


Average  p.  m.  of    Burn- 
ham's  double 
stars 


(7) 

o'7i 

(11) 

.09 

(26) 

.18 

(44) 

.22 

(69) 

.18 

(39) 

.  12 

(24) 

•23 

(12) 

•37 

(3) 

o'o; 

(6) 

.o<; 

(12) 

.18 

(^) 

.07 

(5«) 

.08 

(7i) 

•15 

(i.S) 

.  12 

(18) 

.21 

The  numbers  in  brackets  denote  the  number  averaged.  An 
allowance  of  0.0 1  has  been  made  for  each  star  described  as 
having  a  "small"  proper  motion  in  Innes'  catalogue.  It  will 
be  noted  that  it  is  the  fainter  stars  that  have  the  proper  motions 
above  the  average. 

This  apparent  large  proper  motion  of  double  stars  is  worthy 
of  more  attention  than  seems  to  have  been  given  to  it. 

Weymouth,  England, 
December  1,  1902. 


THE   ORBIT    OF   THE    SPECTROSCOPIC    BINARY 

V    ORIONIS. 

By  Walter   S.  Adam  s. 

The  variation  in  the  radial  velocity  of  r\  Ononis  was  discovered 
at  the  Yerkes  Observatory  in  December  of  1 901,  and  announced 
at  the  Washington  meeting  of  the  Astronomical  and  Astrophys- 
ical  Society  during  that  month.  The  star  has  been  on  the  regu- 
lar observing  list  since  that  time,  and  sufficient  material  has  been 
secured  to  make  an  accurate  determination  of  its  orbit  possible. 

The  star  belongs  to  the  class  of  binaries  in  which  one  com- 
ponent is  relatively  dark,  as  no  certain  evidence  of  superposed 
spectra  has  been  found  on  any  of  the  photographs.  The  spec- 
trum is  that  of  the  Orion  type,  but  contains,  in  addition  to  the 
regular  helium  and  hydrogen  lines,  three  silicon  lines,  and  a 
number  of  lines  due  to  oxygen  and  nitrogen  which  have  proved 
of  great  value  in  determining  the  star's  velocity.  In  general 
the  lines  may  be  said  to  be  slightly  better  for  purposes  of  meas- 
urement than  in  the  case  of  the  average  star  of  this  type,  though 
still  rather  ill-defined  and  diffuse.  At  some  points  in  the  star's 
orbit  the  change  in  its  radial  velocity  is  so  rapid  as  to  amount  to 
several  kilometers  in  the  course  of  the  exposure  required  to 
photograph  the  spectrum,  and  this,  no  doubt,  influences  to  a  con- 
siderable degree  the  character  of  the  lines  upon  the  plates  taken 
at  such  times. 

The  number  of  lines  measured  upon  the  different  plates  varies 
considerably,  but  in  the  great  majority  of  cases  is  from  eight  to 
ten.  A  careful  examination  of  the  cases  in  which  more  or  less 
lines  have  been  measured  has  led  to  the  conclusion  that  any 
attempt  to  make  a  distinction  in  the  weight  given  to  a  plate 
according  to  the  number  of  its  lines  would  be  fully  as  liable  to 
introduce  error  as  to  eliminate  it,  and  accordingly  unit  weight 
has  been  assigned  in  each  case.  So  far  as  the  individual  lines 
are  concerned,  however,  the  method  has  been  adopted  of  assign- 
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ing  a  weight  to  each  line  at  the  time  of  measurement,  represent- 
ing in  the  judgment  of  the  observer  the  accuracy  with  which  the 
line  is  measured.  As  the  weights  are  assigned  previous  to  any 
knowledge  of  the  velocity  values  given  by  the  different  lines, 
this  procedure  is  free  from  any  tendency  to  be  influenced  by 
these  values  in  giving  the  weights. 

To  illustrate  the  amount  of  range  shown  by  the  different  lines, 
the  results  of  the  measures  of  two  of  the  plates  are  given  in  full 
below.  These  plates  are  taken  at  random,  one  from  among  the 
earlier  observations,  and  one  from  among  the  observations  of  the 
past  few  months,  and  are  of  an  average  quality. 


B  369 

B448 

1902,  January  9,  G.  M.  T.  i3h  38m 

190a,  November  6,  G.  M.  T. 

x8h  28m 

Line 

Velocity 

Weight 

Line 

Velocity 

1     Weight 

434O.634 

+  188. 9km 

2 

4345-677 

— 50.7km 

"1 

!        2 

4349541 

187.8                     I           1 

4367.012 

45-5 

1        2 

4388.IOO 

1993                     2 

4415.076 

57-4 

1        3 

44IS.076 

190.0          1           2 

4417. 121 

52.0 

!     3 

4417. 121 

191. 4        '         2 

4471.676 

54  2 

3 

4471-676 

195. I          |           2 

|           4481.4OO 

556 

2 

4552.750 

I98.4 

3 

!       4552.750 

57-6 

2 

4574900 

191. 6 

1 

4567.950 

49.0 

2 

4591.066 

192.2 

1 

4574.900 

52.2 

2 

4649.250 

188.8 

2 

4591 .066 

56.6 

1     2 

4713308 

189.3 

3 

4596.291 

55-3 

2 

1 

Weighted   Mean +  192 . 4 

Reduction  to  Sun —13.4 

Radial  Velocity +179.0 km 


Weighted  Mean — 53-4 

Reduction  to  Sun +  15-3 

Radial  Velocity —  38. 1  km 


The  following  table  contains  the  series  numbers,  dates,  and 
results  of  measurement  of  the  twenty-eight  plates  which  have 
been  obtained,  and  which  are  used  in  the  determination  of  the 
orbit.  The  range  of  velocity  is  very  great,  amounting  to  over 
285  kilometers,  and  is  the  largest  which  has  hitherto  been  found 
among  binaries  of  this  class. 

The  spectrograms  were  all  taken  by  the  writer,  with  the  excep- 
tion of  the  first  two  and  one  of  the  last,  which  were  obtained 
bv  Professor  Frost. 
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Plate  No. 

Date  G.  M.  T. 

Velocity 

O.-C. 

km. 

km. 

B251 

190 1,  November  27.846 

-   68.9 

-0.6 

A  294 

December     6.691 

+    14.6 

-1.8 

B256 

December  18.703 

-   54-4 

+1.9 

A  296 

December  19.676 

-   53-7 

-0.5 

B260 

December  31 .585 

+  II5- 9 

— 1.0 

B265 

December  31 .835 

+  136.6 

-2.4 

A  299 

1902,  January         4.691 

-   55-1 

+  1.2 

A  305 

January         8.722 

+  130.0 

0.0 

B269 

January         9.568 

+  179.0 

+0.1 

B274 

January       16.547 

+  117. 6 

+2.2 

B279 

January       16.762 

+  I33- 1 

-1.6 

A  309 

January       22.590 

—    80.5 

+0.6 

B283 

January       24.569 

+  II9- 8 

+  1-3 

A310 

February     10.565 

+  177.8 

-1.9 

A315 

February     11.525 

+  158.5 

+0.1 

A316 

February     12.629 

+  53-1 

+  1.1 

A  321 

February     19.598 

+  151-0 

—  2.0 

A  326 

February     21.549 

-  47-9 

+  1.3 

B296 

March          13. 564 

+  123.9 

+0.2 

A  339 

March          27.563 

-  80.0 

-2.6 

B309 

April              3.542 

—  106.5 

0.0 

B405 

September    3.908 

-  29.5 

+0.4 

A  372 

September    4.892 

+  80.5 

+  1.6 

B411 

September  13.901 

+  166.6 

+0.8 

B416 

October         8.860 

+  I73-6 

-1.9 

B426 

October       15.888 

+  165.0 

—  2.2 

B448 

November     6.769 

-  38.1 

-2.6 

B460 

November  19.822 

-   11. 8 

0.0 

All  of  the  above  measures  were  made  by  Adams  with  the 
exception  of  those  of  B  269  and  B  309,  which  are  the  means  of 
measures  by  Frost  and  Adams.  Plate  B279  was  measured 
twice,  and  the  value  given  is  the  mean  of  the  two  determina- 
tions. 

The  method  used  in  the  derivation  of  the  orbit  was  that  of 
Lehmann-Filhes,  although  the  very  low  value  of  the  eccentricity 
would'  no  doubt,  have  made  some  of  the  methods  using  develop- 
ments in  power  series  equally  applicable.  The  observations 
were  plotted  on  millimeter  paper  with  a  period  of  (J=  7.9896 
days,  and  a  smooth  curve  was  drawn  through  them  subject  to 
the  condition  that,  after  an  abscissa  had  been  constructed, 
making  the  areas  above  and  below  it  equal,  the  adjacent  areas 
included  between  the  maximum  and  minimum  ordinates,  the 
abscissa,  and  the  curve  should  be  equal.  The  areas  in  question 
were  adjusted  by  means  of  a  planimeter,  and  the  following  quan- 
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tities  were  obtained  as  a  basis  for  the  computation  of  the  ele- 
ments : 

Velocity  of  system  V=  +35.5  km. 

,4=146.5  km;  ^=143.0  km;  ^=+1.35;  «,=  — 1.38. 

The  unit  in  the  cases  of  zx  and  sa  is  arbitrary,  as  their  ratio 
alone  is  required.     The  notation  is  that  of  Lehmann-Filhes. 
The  elements  derived  from  these  quantities  are  as  follows : 

«=9o°  41  .'6 

<i>  =42°  16' 

e  =0.016 

log  ft= 9.89566  or, 

/*  =  45?<>59 

T=  1 90 1,  December  1.82 1 
a  sin  1=  15,901,000  km. 

Owing  to  the  very  low  value  of  the  eccentricity,  a>  and  T  are  the 
most  uncertain  of  these  elements,  but  even  in  these  cases  the 
errors  should  not  be  large. 

An  ephemeris  was  computed  with  these  elements,  and  the 
differences  between  the  observed  and  the  computed  velocities 
are  given  in  the  column  O.  — C.  of  the  table  above.  In  view  of 
the  character  of  the  spectrum  measured,  these  residuals  are 
entirely  satisfactory.  A  least  squares  solution  might  reduce 
them  slightly,  but  as  no  significance  is  to  be  attached  to  frac- 
tions of  a  kilometer  in  measures  of  stars  having  this  type  of 
spectrum,  it  has  not  seemed  desirable  to  undertake  it.  The 
accompanying  diagram  shows  the  curve  derived  from  the  set  of 
elements,  and  the  positions  of  the  observed  velocities  in  refer- 
ence to  it.  Owing  to  the  high  velocities  involved,  the  scale  is 
necessarily  small,  but  the  general  agreement  of  the  values  is 
well  shown. 

In  conclusion  attention  may  be  called  to  the  fact  that  rj 
Ononis  is  also  a  visual  double  star  with  components  of  the 
fourth  and  sixth  magnitudes.  It  is,  of  course,  with  the  brighter 
of  these  that  we  are  dealing  here. 

Yerkes  Observatory, 
December  20,  1902. 


HERSCHEL'S  NEBULOUS  REGIONS.1 

By   Isaac    Roberts. 

William  Herschel's  observed  nebulous  regions,  fifty-two  in 
number,  are  in  this  paper  compared  with  the  writer's  photographs 
of  the  same  regions,  taken,  simultaneously,  with  the  20-inch 
reflector  and  the  5-inch  Cooke  lens. 

The  nebulous  regions  referred  to  in  the  above  title  were 
described  by  William  Herschel  in  a  paper  which  he  communi- 
cated to  the  Royal  Society  in  the  year  181 1,  and  which  was  pub- 
lished in  the  Philosophical  Transactions ,  Vol.  74,  under  the  head- 
ing "  Construction  of  the  Heavens." 

So  far  as  I  can  gather,  no  systematic  efforts  were  made  to 
verify  Herschel's  observations  of  these  fifty-two  regions  until 
six  years  ago,  when  the  work  of  photographing  them  was  com- 
menced at  my  Observatory,  using  for  the  purpose  the  20-inch 
reflector  and  the  5-inch  Cooke  lens. 

The  photographs  were  taken  in  duplicate,  simultaneously, 
with  exposures  of  ninety  minutes'  duration,  and  at  times  when 
the  objects  were  as  near  as  practicable  to  the  meridian  and  the 
sky  clear  during  the  exposure.  The  plates  were  selected  and 
tested  for  sensitiveness,  so  that  with  the  reflector  the  images  of 
stars  to  about  the  seventeenth  magnitude  would  appear  on  the 
plates  and  stars  of  about  the  fifteenth  magnitude  would  appear 
on  the  plates  exposed  with  the  Cooke  lens. 

My  long  previous  experience  in  photographing  the  heavens 
enabled  me  to  judge  that  under  these  conditions  nebulosity  of  at 
least  the  decree  of  faintness  that  could  be  seen  by  Herschel 
with  his  two-  and  four-foot  reflectors  would  be  shown  on  the 
photographic  plates. 

The  tabular  method   adopted   by  Herschel   in  publishing  the 
results   of  his   telescopic   observations   enables   me   to  give   the 
photographic  results  in  a  concise  and  intelligible  form,  coincid 
ing  line  by  line  with  his,  by  comparing  the  headings  and  reading 
the  descriptive  matter  relating  to  each  object  respectively. 

'The  manuscript  of  thii>  article  \va>  accepted  by  the  editors  on  the  supposition 
that  it  was  not  to  be  published  in  other  current  journals. 
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TABLE     OF    WILLIAM    HERSCHEL'S    FIFTY-TWO    REGIONS. 


:  !  R.   A. 


1       oh    iom    &* 
20     17     37 

3  o     22     23 

4  '    o     25     37 

5  '    o     30     11 

0,0     36    28 
7        o     38      o 

I 

8  I    o    39    27 

9  o    41     19 

10  o    48    38 

11  I     1    41      8 

12  J    2    27    55 

I 

13  4      2    14 

14  A    23     51 

15  ,'    4     24     51 

16  '    4     26     29 


Dec. 

(1900) 


9J  20 

3  59 

29  9 

3  59 

23  25 

o  29 

41  10 

39  16 


25  n 

35  7 

35  » 

-7  30 


Herschel's  de- 
scription in 
Phil.  Trans., 

181 1 


Dates  when 
photographs 
were  taken 


Much  affected 
with  nebulosity 

Much  affected 


Affected 


Much  affected 
Much  affected 


Appeared  to  be 
affected  with 
very  faint 
nebulosity 


1899,  Oct.  28 


Affected  with  1895,  Oct.  17 
nebulosity 


Isaac  Roberts'  descriptions 

of  his 

photographs 


43 

30 

43 

35 

29 

48 

19 

0 

Unequally  af- 
fected 


Suspected     faint 
nebulosity 


Suspected     faint 
nebulosity 


Suspected  to  be 
tinged  with 
milky  nebu- 
losity 

Much  affected 
with  nebulosity 


Much  affected 


Suspected  pretty|ig0I 

strong    nebu-j 
I     losity  I 

I 

I  Suspected    nebu- 
losity 
(Strong     milky, iqoI 
I     nebulosity         ' 


I900t  Nov.  22  Sky  clear  ;  stars  small  and  faint, 
and  few  in  number ;  large  areas 
void  of  stars  ;  no  nebulosity  on 
plate. 

1 899,  Sept.  5  Sky  clear ;  stars  small  and  faint, 
and  not  very  numerous;  large 
areas  void  of  stars  ;  no  nebu- 
losity on  plate  ;  film  dark. 

1899,  Sept.  9  Sky  clear;  stars  small  and  very 
numerous  ;  one  star  of  5.9  mag., 
B.  D.  ?8?7S,  on  plate  ;  small 
areas  void  of  stars  ;  no  nebu- 
losity. 

1900,  Nov.  22  Sky  clear  ;  stars  few  and  faint; 
large  areas  void  of  stars  ;  no 
nebulosity  on  plate. 

1900,  Oct.  27  Sky  clear  ;  stars  faint  and  numer- 
ous ;  nebula;  H  ///,  476.  and 
N.  G.  C.  169,  d'Arrest  and  Ld. 
R.,  together  with  other  fainter 
ones  on  plate  ;  many  areas  void 
of  stars  ;  no  diffused  nebulosity. 

Sky  very  clear;  stars  small  and 
very  few  in  number  ;  large  areas 
void  of  stars  ;  some  small  nebulae 
on  plate  ;  no  diffused  nebu- 
losity. 

Sky  very  clear  ;  stars  crowded  on 
plate  ;  many  small  areas  void 
of  stars  ;  several  photographs 
have  been  taken  of  this  region, 
which  includes  the  great  An- 
dromeda nebula  .J/.  31,  part  of 
the  n,  f.  end  of  which  would 
cross  Herschcl's  field  of  view 
in  this  sweep. 

Sky     clear  ;     stars     crowded     on 
plate  ;  many  small  areas  void  of 
I     stars  ;  part  of  s.  /.  end  of  Af.  31 
on    plate  ;     no     other     diffused 
I     nebulosity. 
Oct.  26  'Sky  clear  ;  stars  small  and  crowd- 
ed on   plate  ;  many  small  areas 
void  of  stars  ;  no  diffused  nebu- 
losity. 
Oct.  26    Sky  clear  :  stars  small  and  crowd- 
ed  on   plate  ;    numerous    areas 
void  of   stars  ;  nebula  .V.  G.  C. 

JH7  on  plate  ;  no  di  if  used  nebu- 
osity. 
Sky  clear  ;  stars  small  and  numer- 
ous ;  large   areas  void  of  stars  ; 
no  nebulosity. 

1900,  Dec.    1 3|Sky   clear  ;    stars   small   and    not 
j     very  numerous  ;  large  areas  void 
of    stars  ;  some    very   small  and 
I     faint   nebula.-   on  plate  ;   no  dif- 
1     fused  nebulosity. 
3  Sky   very   clear  ;  stars   small  and 
numerous  :  large    areas    void  of 
I     stars  ;  no  nebulosity. 
Feb.     I3'Sky  very    clear;  stars    small    and 
I     crowded  on  s.  and  .<.  />.  sides,  but 
few    on    the    rest    of'  the  plate  ; 
■     large  areas  void  of  stars  ;  nebula 
H  /   217   and   also  a  tenth  may. 
I     star   surrounded    by    very    faint 
I     nebulosity  11  .'$  «.  /.  H  /  217  on 
I     plate  ;  no  nebulous  region. 
Feb.    14  Sky  clear  ;  stars   small    and    very 
1     few   on    plate  ;  large  areas  void 
I     of  stars  ;  no  nebulosity. 


1900,  Oct.  17 

1900, 
1900, 

1900,  Nov.  27 

1900,  Dec. 

1 90 1,  Feb. 
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V 

X 

17 

18 

19 


21 

22 


23 
24 


25 


R.  A. 

(1900) 


4  29  2 

4  44  5 

4  52  17 

5  15  50 

5  19  20 

5  28  53 

5  30  10 

5  3i  56 


5    35    34 


Dec. 

(1900) 


20  50 

20  50 

26  45 

25  I 

25  I 

-6  56 

-2  43 

-4  18 


-2     31 


Hcrschel's  de- 
scription in 
Phil.  Trans., 
1811 


Much  affected 


Much  affected 


Strong  suspicion 
of  very  faint 
milky  nebu- 
losity 

Very  much  af--} 
fected  > 

Affected  J 

Affected  with 
milky  nebu- 
losity 

Affected 


Visible  and  un 
equally  bright 
nebulosity.  I 
am  pretty  sure 
that  this  joins 
to  the  great 
nebula  in 
Orion 

Diffused  milky 
nebulosity 


Dates  when 
photographs 
were  taken 


1901,  Feb.  15 
1901,  Feb.  15 
1901,  March  9 

1901,  M'ch  12 
i90i,M'ch  13 

i90i,M'ch  12 

1902,  M'ch  5 


[900, Jan.  25 


Isaac  Roberts'  descriptions 

of  his 

photographs 


Sky  very  clear;  stars  small  and 
very  numerous  ;  small  areas  void 
of  stars;  no  nebulosity. 

Sky  very  clear;  stars  small  and 
crowded  on  plate;  small  areas 
void  of  stars  ;  no  nebulosity. 

Sky  clear:  stars  small  and  very 
few;  large  areas  void  of  stars; 
no  nebulosity. 

Sky  clear;  stars  small  and  very 
tew  on  plate ;  large  areas  void  of 
stars;  no  nebulosity. 

Sky  clear;  stars  not  very  numer- 
ous; large  areas  void  of  stars; 
H  IV  33  Orionis  on  plate  ;  no 
nebulosity. 

Sky  clear;  stars  small  and  very 
few;  large  areas  void  of  stars; 
no  nebulosity. 

Sky  very  clear;  stars  small  and 
not  very  numerous;  areas  void 
of  stars ;  no  nebulosity  on  plate. 


Sky  clear ;  stars  very  numerous  on 
/.  half  of  plate,  but  few  on  /. 
half,  where  there  are  large  areas 
void  of  stars ;  large  cloud  of 
nebulosity  «.  /'.  £  Orionis  with 
broad  division  void  of  stars,  but 
with  some  nebulosity  in  s.  /.  to 
».  p.  direction  ;  other  divisions 
break  up  the  cloud  into  separate 
masses.  To  the  s.  of  £  is  a 
stream  of  nebulosity,  54  minutes 
01  arc  in  length,  with  an  embay- 
ment  free  from  nebulosity  divid- 
ing it  in  halves.  Another  faint 
nebulosity  extends  from  £  27 
minutes  of  arc  toward  the  s.t  s. 
/.  and  «.  /.  The  star  B.  D.  — 
1°  1001  is  in  the  midst  of  nebu- 
losity, and  it  has  a  companion 
on  the  s.  /.  side.  The  star  B. 
/>. — 1:1005  is  involved  in  a 
large  cloud  of  streaky  nebu- 
losity, and  it  has  a  companion 
on  the/,  side.  The  star  B.  D.  — 
2:  1345  's  H  IV  24,  A".  G.  C. 
■2011;  it  is  in  the  midst  of  a 
large,  dense  streaky  cloud  of 
nebulosity  which  has  in  it  con- 
densations and  remarkable  rifts 
free  from  nebulosity  ;  near  the  J. 
end  of  one  of  these  rifts  is  a 
twelfth  magnitude  star.  The 
star  />'.  D.  —  a?  1350  is  in  the 
midst  of  a  cloud  of  nebulosity 
with  some  faint  structure  in  it, 
and  it  has  a  companion  on  the 
n.  />.  side. 

The  region  here  referred  to. 
which  covers  four  square  degrees 
ot  the  sky,  has  so  many  remark- 
able features  that  it  is  necessary, 
in  crder  to  make  it  intelligible  to 
the  reader,  to  present  the  photo- 
graph annexed  along  witn  the 
above  description. 
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•S3         R.  A. 

2Z  (ig6o) 

X     I 


Dec 

(1900) 


Herschel's  de- 
scription in 
Phil.  Trans., 
1811 


Dates  when 
photographs 
were  taken 


Isaac  Roberts'  descriptions 

of  his 

photographs 


26  !   sh  36ra  52* 


27 
28 
29 

30 

3i 
32 

33 
34 
35 
36 

37 

38 


5  43  11 

6  1  1 
6  o  54 
6  40  7 

9  27  32 

9  36  43 

10  11  50 

10  22  25 

10  40  59 

11  4  30 

12  2  5 


12  12  40 

13  12  15 

14  2  20 

41  15  9  37 

42  21  3  26 


43  '20       53     15 


-6'  57' 

+1  8 

+3  44 

-20  27 

41  16 

-18  27 

71  13 

-9  3 

Si  32 

62  45 

62  44 

30  37 

30  37 

34  8 
34 

18  57 

-1  53 


A  pretty  strong 
suspicion  of  ne- 
bulosity 

Affected  with 
milky  nebulos- 
ity 

Much  affected. 


Affected 
Affected 

Affected 


M  u  c  h  affected 
with  very  faint 
whitish  nebu- 
losity 

Very  faint  whit- 
ish nebulosity 

Much  affected 


Affected  with 
very  faint  neb 
ulosity 

Affected 


Affected  with 

whitish  nebu- 
losity 

Affected  with 

whitish  nebu- 
losity 

Much  affected 


Very    much    af- 
fected      and 
many  faint  neb  - 
bulae   suspected 
Affected     with 
very^  faint  neb- 
ulosity 
Much    affected 
with      whitish 
nebulosity 


1901,  Mar. 

1901,  Mar. 

1902,  Jan. 
1902,  Mar. 

1901,  Mar. 

1902,  Mar. 
1 901,  Aprl. 

1901,  Aprl. 
1 90 1,  Aprl. 
1 90 1,  Aprl. 
1901,  Aprl. 

1901,  Aprl. 

1 90 1,  Aprl. 

1901,  Aprl. 


17 
1899, June.    2 


1899,  June 
1902,  Nov. 


Sky  clear;  stars  small  and  few; 
large  areas  void  of  stars ;  no  neb- 
ulosity. 

Sky  dear;  stars  very  few  in  num- 
ber ;  large  areas  void  of  stars ; 
no  nebulosity. 

Sky  clear;  stars  crowded  on  n.  /. 
and  s.  p.  sides;  large  areas 
void  of  stars;  no  nebulosity. 

Sky  dear;  stars  small  and  very 
numerous;  many  areas  void  of 
stars;  no   nebulosity. 

Sky  dear;  stars  few  in  number; 
large  areas  void  of  stars;  clus- 
ter H.  Vfff,  71  on  plate;  no 
nebulosity. 

Sky  dear;  stars  small  and  few  in 
number;  large  areas  void  of 
stars;  no  nebulosity 

Sky  clear;  stars  small  and  numer- 
ous; several  large  areas  void 
of  stars:  no  nebulosity. 

Sky  clear;  stars  »mall  and  numer- 
ous ;  large  areas  void  of  stars ; 
no  nebulosity. 

Sky  clear ;  stars  small  and  not  nu- 
merous; large  areas  void  of 
stars ;  no  nebulosity  . 

Sky  clear ;  stars  small  and  not  very 
numerous ;  large  areas  void  of 
stars ;    no  nebulosity. 

Sky  clear;  stars  small  and  numer- 
ous :  areas  void  of  stars ;  several 
small,  faint  nebula:  on  plate ;  no 
diffused  nebulosity. 

Sky  clear ;  stars  small  and  few  in 
number:  large  areas  void  of 
stars;  H.//,3ai,  and  H.//,  802, 
on  plate ;  no  nebulosity. 

Sky  clear;  stars  few  in  number; 
laige  areas  void  of  stars ;  four 
small  prominent  nebulae  on 
plate;  no  diffused  nebulosity. 

Sky  clear;  stars  not  very  numer- 
ous; large  areas  void  of  stars; 
no  nebulosity. 

Sky  clear;  stars  small  and  not 
numerous ;  areas  void  of  stars  ; 
no  nebulosity. 

Sky  clear;  stars  small  and  not 
very   numerous ;   areas   void  of 

stars;  no  nebulosity. 
Sky  clear :  stars  very   numerous ; 

10  nebulosity. 


16     44 


A  good  deal  af- 
fected 


1897,  Aug. 

1897.  Oct 


Herschel's  sweep  4a,  as  given  in 
the  Phil.  Trans.  (R.  A.  ( 1800)  , 
aoh  58"'  2C>  X. /\  /?.  ( 1800 1  =  g* 
17)  is  not  in  sequence;  as  this 
may  be  due  to  a  typographical 
error  in  one  of  the  co  ordinate*, 
a  plate  corresponding  to  A*.  .1. 
(i8oo)  =  2oh  38"'  20%  .V.  P.  D. 
(1800)  =  92  17  was  taken  on 
Aug.  28,  1897,  as  follows: 

28  Sky  very  clear;   stars  crowded  on 
plate;  no  nebulosity. 

20iSky  clear  ;  stars  crowded  on  plate  ; 
no  nebulosity. 
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*    J 


R.  A. 

(1900) 


44 


45 
46 

47 
48 

49 


20       54     34 


20  57  34 

20  56  55 

21  5  8 
21  34  15 

21  46  52 


43    32 


50 

22 

57 

24 

51 

22 

57 

54 

52 

23 

0 

l7 

-1  34 

43  16 

14  21 

10  19 

21  31 

25  45 

25  45 

20  17 


Herschcl's    de- 
scription in 
Phil.    Trans. 
1811 


Faint  milky  neb- 
ulosity scat- 
tered over  this 
space,  in  some 
places  pretty 
bright 


M  uch  aeffcted 
with  whitish 
nebulosity 

Suspected  nebu- 
losity joining 
to  plainly  visi- 
ble diffused  ne- 
bulosity 

Affected 

Much  affected 


Dates  when 
photographs 
were  taken. 


1896,  Oct.    10 


1897,  Sept. 
1896,  Oct. 

1899,  Aug. 

1898,  Oct. 


Affected 


1899,  Aug.    9 


Isaac  Roberts'    descriptions 

of  his 

photographs 


Sky  very  clear ;  stars  crowded  on 
parts  of  plate ;  large  areas  void 
of  stars  on  others ;  Nebula,  H.  V 
37?  N.G.  C.  7000  forms  part  of 
this  region;  the  photograph 
shows  it  as  a  magnificent  ob- 
ject. I  have  published  a  photo- 
graph of  this  region  in  Vol.  II 
of  Stars,  Star-Clusters  and 
Nebula^  pi.  94.  p.  155.  and 
also  in  Knowledge,  Nov.  1, 
»8q8 ;  a  copy  is  also  annexed  to 
this  paper. 

Sky  clear;  stars  small  and  nu- 
merous ;  no  nebulosity. 

Regions  44  and  46  are  on  the 
same  plate;  see  description 
given  above,  No.  44. 


Sky  clear ;  stars  small  and  crowded 
on  plate;  no  nebulosity. 

Sky  clear;  stars  small  and  nu- 
merous ;  areas  void  of  stars ;  no 
nebulosity. 

Sky  clear ;  stars  small  and  crowd- 
ed ;  areas  void  of  stars ;  no  neb* 
ulosity. 


Sky  clear;    stars  very  numerous; 
areas  void  of  stars;    no  nebn- 


Much    affected  J    1 898,  Sept.  20 

Affected  J  loslt„ 

A    little   affected  I Q02,  Oct.    27  Sky   clear;  stars  small  and  very 
I     numerous ;  areas  void  of  stars : 
I  I  I     H.//.,  213,  on  plate;  no  diffused 

j  I     nebulosity. 


CONCLUSION. 

The  final  results  of  the  correlation  of  Herschel's  nebulous 
regions  and  my  photographs  can  be  given  in  a  few  words  as 
follows  : 

Of  the  fifty-two  nebulous  regions  described  by  Herschel,  the 
photographs  show  diffused  nebulosity  on  four  of  them  only; 
there  is  no  visible  trace  of  diffused  nebulosity  on  forty-eight  of 
the  areas,  but  on  the  remaining  four,  which  are  Nos.  7,  25,  44, 
and  46.  respectively,  in  the  table,  there  is  nebulosity  with 
remarkable  characteristic  features,  and  these  are  delineated  upon 
three  of  the  photographs,  regions  Xos.  44  and  46  being  on  one 
plate. 

SlAKHI.I  I).    CR«)\VUiiR(ir(JH,    Sl'SsKX, 

November    K)02. 


PLATE  IV. 


NEBUL/E   AROUND  f  ORIONIS  (January  25,  1900). 


PLATE   V. 


NEBULA  HERSCHEL  V  37  CYGNI  (October  10,  1896). 


DIFFUSED  NEBULOSITIES  IN  THE  HEAVENS. 
By  E.  E.  Barnard. 

In  the  present  number  of  this  Journal  there  is  a  paper  by 
Dr.  Isaac  Roberts  containing  an  account  of  a  photographic 
investigation  of  certain  regions  of  the  sky  supposed  by  Herschel 
to  be  affected  with  diffused  nebulosity.  This  investigation  was 
made  simultaneously  with  Dr.  Roberts'  20-inch  (51cm) 
reflector  and  5-inch  (12.7cm)  Cooke  portrait  lens.  The  expo- 
sures given  by  Dr.  Roberts  to  test  the  existence  of  these  diffused 
nebulosities  was  ninety  minutes,  which,  it  is  stated,  showed  stars 
of  the  sixteenth  and  seventeenth  magnitudes.  Out  of  these 
fifty-two  regions  he  found  only  four  that  showed  any  traces 
of  nebulosity.  These  four  regions,  however,  had  already  been 
shown  by  numerous  photographs  to  be  nebulous.  One  of  these, 
the  great  nebula  north  of  a  Cygniy  was  first  photographed  by  Dr. 
Max  Wolf  some  twelve  years  ago  and  has  lately  been  called  by 
him  the  "America  Nebula" x  from  its  striking  resemblance  to 
North  America  as  shown  on  maps  and  globes. 

The  curious  nebulous  ribbon  extending  southward  from  f 
Ononis  seems  to  have  been  first  photographed  by  Professor  W.  H. 
Pickering  and  others  as  far  back  as  1889. 

This  question  of  large  areas  of  diffused  nebulosity  in  the  sky 
is  a  very  important  one,  not  yet  fully  appreciated,  but  which  must 
sooner  or  later  have  the  highest  bearing  on  a  proper  understand- 
ing of  the  physical  condition  of  the  universe.  Dr.  Roberts' 
negative  results  are  so  sweeping  in  character  that  it  is  highly 
important  that  anything  tending  to  prove  the  existence  of  any 
of  these  questioned  regions  of  nebulosity  should  be  brought 
forward  at  once. 

First,  I  do  not  think  90  minutes  a  sufficient  exposure  to  test 
the  existence  of  some  of  these  nebulosities  with  Dr.  Roberts' 

'The  "North  America  Nebula "  would  perhaps  be  more  definite,  for  it  is  North 
America  to  which  Dr.  Max  Wolf  intends  the  compliment. 
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outfit.  The  photographing  of  sixteenth  or  seventeenth  magni- 
tude stars  does  not  necessarily  prove  that  the  same  exposure 
ought  to  show  diffused  nebulosities,  for  photographing  faint 
stars  often  stands  on  an  entirely  different  footing  from  photo- 
graphing faint  nebulosities. 

Second,  it  is  a  little  unreasonable  to  suppose  that  Herschel, 
who  made  so  few  blunders  compared  with  the  wonderful  and 
varied  work  that  he  accomplished,  should  be  so  palpably  mis- 
taken in  forty-eight  out  of  fifty-two  observations  of  this  kind. 

I  have  myself  been  very  much  interested  in  the  diffused 
nebulosities  of  the  sky  and  have  independently  come  across 
some  of  these  very  regions  of  Herschel,  besides  others  not  noted 
by  him.  It  has  been  a  long-cherished  desire  of  mine  to  investi- 
gate them  further  photographically,  and  I  now  hope  to  be  able 
to  put  this  desire  into  a  practical  reality  within  the  next  twelve 
months.  Some  of  these  regions  I  have  already  shown  to  be 
extraordinary  features  of  the  sky — as  instances,  the  nebulous 
regions  of  15  Monocerotisy  of  p  OpJiiuchi,  the  region  surrounding 
the  Pleiades,  etc.  All  of  these  were  known  to  me  previous  to 
their  really  being  proved  by  the  photographic  plate  and  the  por- 
trait lens  to  be  true  nebulosities. 

As  far  back  as  January  1892,  in  Knowledge \  15,  14-16,  I 
called  special  attention  to  these  nebulous  regions  of  Herschel 
and  gave  the  table  contained  in  Dr.  Roberts'  present  article. 
Attention  was  called  to  these  objects  as  being  suitable  tor 
photographic  investigation  in  these  words  : 

It  would  appear  that  this  table  of  diffused  nebulosities  will  just  now  be 
of  extremely  great  value,  as  it  at  once  points  out  to  those  interested  in  photo- 
graphing such  objects,  the  proper  poimings  of  their  exposures.  I  have  taken 
the  liberty  to  copy  the  foregoing  table  in  full  for  the  benefit  of  those  not 
familiar  with  it  and  who  may  wish  to  try  exposures  on  these  objects. 

What  leads  me  to  hope  that  more  of  these  regions  given  by 
Herschel  may  yet  be  shown  to  be  nebulous  with  photographic 
plates,  is  that  one  of  these  very  objects,  which  the  photographs  of 
Dr.  Roberts  show  to  be  free  from  nebulosity,  is  really  the  bright- 
est portion  of  one  of  the  most  extraordinary  nebula?  in  the  sky,  as 
shown  by  photographs  made  by  two  independent  observers  with 
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three  different  photographic  telescopes  on  several  different 
occasions.  I  refer  to  region  27  of  the  list.  This  is  described 
by  Herschel  as  being  "affected  with  milky  nebulosity"  and  its 
position  given  for  1800.0  as  a  5h  38™  S9;   P.  D.  88°  55'. 

The  right  ascension  and  declination  for  1 900.0  would  be 
closely 

a=5h43"i3';  8=  +  i°  8.' 
Dr.  Roberts'  note  on  this  is:  "Sky  clear;  stars  very  few  in  num- 
ber ;  large  areas  void  of  stars ;  no  nebulosity." 

In  Popular  Astronomy,  2,  1 51-154,  December  1894,  the 
writer  has  given  some  experiments  with  a  very  small  magic  lan- 
tern lens  in  photographing  diffused  nebulosities.  In  this  an 
account  is  given  of  the  finding  of  a  great  nebula  extending  in  a 
curved  form  over  the  entire  body  of  Orion,  The  brightest  por- 
tion of  the  nebula  is  near  56  and  60  Orionis.  From  the  photo- 
graphs, the  position  of  this  brightest  portion  is  in 

1900.0   a=5h43.7m;  8=  +  i°o.' 

This  would  make  it  identical  with  Herschel's  No.  27.  These 
pictures  were  made  with  an  ordinary  child's  magic  lantern  lens, 
of  1.5  inches  diameter  and  4.9  inches  equivalent  focus.  The 
exposures  were  1894,  October  3,  for  2h  om,  and  October  24,  for  ih 
i3m.  The  shortest  exposure,  ih  15™,  showed  it  best.  I  suppose 
a  half-hour's  exposure  would  have  shown  traces  of  it. 
Unknown  to  me  at  the  time,  this  nebula  had  already  been 
photographed  in  1889  by  Professor  W.  H.  Pickering  on 
Mount  Wilson  (altitude  6,250  feet)  in  southern  California,  with  a 
Voigtlander  portrait  lens  of  2.6  inches  aperture  and  8.6  inches 
equivalent  focus,  with  an  exposure  of  three  hours.1 

Besides  the  photographs  made  with  the  magic-lantern  lens,  I 
have  two  made  with  the  six-inch  Willard  portrait  lens  that  show 
portions  of  the  nebula  distinctly.  They  were  made  1893, 
October  17,  with  3h  om  exposure;  and  1894,  October  3,  with  2h 
om  exposure.  In  both  the  photographs  with  the  Willard  lens, 
the  region  of  the  nebulosity  falls  near  the  edge  of  the  plate  and 
hence  the  stars  are    deformed.     At  the  time  of  making  these 

'See  Sidereal  Messenger,  g,  I,  1889. 
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pictures  I  knew  nothing  of  the  existence  of  this  object  and 
therefore  had  no  choice  as  to  its  location  on  the  plate.  One  of 
these  photographs  has  been  selected  for  reproduction,  though  it 
will  necessarily  be  unsatisfactory  because  of  the  position  of  the 
object  close  to  the  edge  of  the  plate. 

[Through  the  courtesy  of  the  editor  of  Popular  Astronomy,  the  map  of 
Orion  showing  the  location  of  the  nebula  is  here  reproduced.  (Plate  VI, 
A).l 

To  further  show  the  reality  of  the  nebulous  region  No.  27  of 
Herschel's  list,  I  made  an  exposure  of  2h  ioro  on  the  night  of 
January  17,  1903,  on  the  region  with  a  small,  cheap  lantern  lens 
belonging  to  Professor  Hale.     This  lens  is  1.6  inches  in  diameter 

and  has  an  equivalent  focus  of  6.3  inches  or  ^  =  -. 

The  sky  was  clear  and  the  conditions  fair.  The  resulting 
negative  showed  a  fairly  good  field  of  nearly  250. 

Most  of  the  great  curved  nebula  is  clearly  shown,  especially 
the  region  described  by  Herschel,  which  is  now  in  question  and 
which,  as  I  have  said,  is  the  brightest  portion  of  the  nebula. 

This  plate  does  not  show  the  nebula  as  strongly  as  those 
made  with  the  lantern  lens  used  by  me  at  the  Lick  Observatory, 
because,  for  one  reason,  the  present  lens  is  relatively  of  smaller 
angular  aperture,  \  as  compared  with  ^\  and  for  another 
reason  the  sky  was  not  perhaps  as  pure ;  but  the  main  portion 
of  the  nebula  is  conspicuous.  There  is  therefore  no  question 
but  that  this  nebulosity  exists  where  Herschel  saw  it. 

Just  what  the  faintest  stars  are  that  appear  on  this  plate  I  am 
not  prepared  to  say,  not  having  had  any  chance  to  make  a 
comparison  with  the  sky ;  but  they  are  certainly  several  magni- 
tudes brighter  than  the  fifteenth  or  sixteenth  magnitude. 

It  was  with  the  same  instruments  described  in  his  present  paper 
that  Dr.  Roberts  failed  to  get  any  traces  of  the  exterior  nebu- 
losities of  the  Pleiades,  which  have  been  shown  by  four  observers 
with  four  different  instruments  not  only  to  exist,  but  to  be  not 
at  all  difficult  objects. 

YKRKKS    OnsERVAI  ORY, 

January  1003. 
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The  Great  Curved  Nebula  in  Orion. 

A. — Drawing  from  two  lantern  lens  photographs  (Oct.  3  and  24.  1S94). 
K. — 1'hotograph,  with  Willard  lens,  of  region  inclosed  in  the  square  in  the  drawing 
above  (Oct.  17,  1893). 


Minor  Contributions  and  Notes. 


NEW  COLLABORATORS  OF  THE  ASTR0PHYS1CAL 

JOURNAL. 

The  Astrophysical  Journal  has  from  the  outset  enjoyed  many 
advantages  from  the  cordial  co-operation  of  eminent  investigators  at 
home   and  abroad.     The  list  of  collaborators  includes  many  of  the 
ablest    representatives   of   the    branches    of   science   with    which    the 
Journal  is  most  directly  concerned.     On  the  death  of  M.  Cornu,  who 
had  assisted  the  Journal  in  many  ways,  Professor  Belopolsky  kindly 
accepted  an  invitation   to  fill  the  vacant  place.     As  the   editors  have 
always  desired  to  maintain  a  fairly  even  balance  between  the  physical 
and  the  astronomical  sides  of  the  subject,  they  now  take  special  pleas- 
ure in  announcing  that  Professor  Kayser  and  Professor  Runge  have 
signified  their  willingness  to  serve  as  collaborators.     With  this  added 
strength  on  the  laboratory  side,  the  Journal  will  continue  to  empha- 
size the  importance  of  treating  celestial  and  terrestrial  problems    of 
radiation  from  a  single  point  of  view. 


A  CONTRIBUTION  TO    THE    KNOWLEDGE   OF    SPECTRO- 
SCOPIC METHODS.1 

The  investigation   undertaken  by  Dr.  Konen  proposes  to  test  the 

method  of  the  electric  discharge  under  liquids  as  a  means  of  solving 

the  important  problem  of   the  origin  of   band-spectra.       His    paper 

touches  upon   the   difficulties  which  presented  themselves  to  former 

investigators — notably  the   transitory   nature    of  band-spectra,  their 

faintness,    and   the  difficulty    of   ascertaining   just    what    element    or 

elements  were   essential   to  the  production  of   any  given   spectrum  ; 

it  mentions  the  methods  and  apparatus  previously  employed  —  namely, 

Geissler  tubes  and  a  flame  or  a  carbon  arc  in  closed   receptacles  ;  and 

states  that  we  should  expect  this  method  of  discharge  under  liquids  to 

present  fewer  difficulties  owing  to  the  presence  of  fewer  impurities. 

The  discussion  of  the  arc  discharge  is  preceded   by  a  brief  resume* 

'Abstract,  by  Norton  A.  Kent,  from  advance  proofs  (furnished  by  the  author)  oi 

a  paper  to  appear  in  Annalen  der  Physik. 
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of  the  work  of  Davy,  Masson,  and  Liveing  and  Dewar  ;  and  attention 
is  called  to  the  fact  that  very  few  investigations  other  than  visual  have 
been  made  upon  this  subject.  The  apparatus  used  by  Konen  con- 
sisted of  a  glass  vessel  silvered  within,  blackened  without,  and  fitted 
with  a  quartz  window.  The  pole  pieces  were  held  in  brass  clamps. 
The  current  employed  varied  from  15  to  20  amperes  (below  15  the 
arc  ran  poorly,  while  above  20  the  liquid  was  unnecessarily  heated). 
The  light  passed  through  a  quartz  window  and  was  focused  by  a 
quartz  lens  upon  the  slit  of  (1)  a  Steinheil  prism  (flint  glass)  spectro- 
scope, in  the  first  part  of  the  investigation,  and  (2)  later  and  in 
most  of  his  work,  a  Rowland  concave  grating  of  one  meter  radius  of 
curvature,  rigidly  mounted  and  used  in  the  first  spectrum  —  the  extent 
of  region  covered  being  from  A5500  to  \  1800.  The  spectrum  was 
photographed  on  films. 

As  a  result  of  the  tearing  asunder  of  the  electrodes,  the  immersing 
water  is  rendered  turbid,  especially  so  where  carbon  or  iron  poles  are 
used  ;  all  liquids  are  befouled  sooner  or  later  ;  water,  alcohol,  and 
electrolytes  last  the  longest ;  some  liquids  admit  of  filtration  ;  all  clear 
by  standing. 

Besides  a  continuous  spectrum  there  are  always  present  (1)  the  H 
and  K  lines  of  calcium,  also  generally  other  lines  of  the  calcium  spec- 
trum ;  (2)  the  two  chief  aluminum  lines;  and  (3)  the  D  lines  of 
sodium.  With  metal  poles  Fc,  Cu,  Ba,  Na,  A',  Li,  77,  and  brass, 
the  characteristic  line  spectra  appear  — but  band  spectra  never.  The 
liquid-arc  lines  are  generally  fully  as  sharp  as  those  of  the  air-arc  ;  many 
are  sharper.  The  relative  intensity  varies  and  some  air-arc  lines  are 
wholly  absent  in  the  liquid  arc  spectrum.  No  displacement  is  appar- 
ent. The  nature  of  the  surrounding  liquid  has  no  influence  upon  the 
spectrum  given  by  metal  poles  —  this  being  true  for  alcohol,  distilled 
water,  and  glycerine  —  and,  with  certain  reservations,  for  salt  solu- 
tions. In  concentrated  BaCLa.x\d  CaCU  solutions  the  strongest  barium 
and  calcium  lines  are  present,  but  they  are  incomparably  weaker  than 
in  air,  and  only  the  strongest  calcium  lines  are  reversed.  The  effect 
is  not  a  function  of  decrease  of  temperature,  nor  of  the  behavior  of 
the  poles,  /.  ?.,  whether  merely  a  single  point  or  the  whole  pole  glows. 
The  probable  physical  and  chemical  processes  which  take  place  when 
carbon  poles  are  used  in  a  NaCl  solution  is  as  follows  :  Near  the  poles 
the  liquid  is  in  the  spheroidal  shape  ;  the  NaCl  remains  in  solution  ; 
the  glowing  carbon  and  the  water  vapor  react  to  produce  CO  and  H, 
etc.;  and    these  gases   form  the  medium  in  which  the  true  arc  burns. 
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Vaporized  liquid  surrounds  these  gases,  being  forced  aside  by  the 
latter,  which  are  better  conductors  by  reason  of  their  hotter  and 
ionized  condition.  Only  the  gases  of  the  poles  enter.  This  is  further 
shown  by  the  use  of  cored  carbons  filled  with  salt  —  an  arrangement 
which  gives  the  sodium  spectrum. 

The  problem  of  the  origin  of  the  so-called  carbon  and  cyanogen 
bands  is  then  attacked.  The  carbon  arc  in  air  gives  bands  whose 
edges  lie  at  X  4606.33,  4216.12,  3883.55,  3590.48.  These  are  generally 
ascribed  to  cyanogen.  The  band  at  X  3883  photographs  most  quickly, 
and  is  therefore  used  as  a  test  of  the  presence  of  the  cyanogen  spec- 
trum. By  using  boiled  water  and  boiled  electrodes  Konen  succeeded 
in  causing  all  four  of  these  bands  to  disappear.  Small  amounts  of  air 
suffice  to  produce  weak  traces  of  them;  therefore  they  will  appear  if 
unboiled  carbons  or  conducting  water  be  used,  or  if  an  excess  of  air  be 
blown  into  the  liquid,  or,  further,  if  the  arc  be  submerged  in  strong 
water  solutions  of  ammonia.  In  alcohol  and  CC/4  the  "cyanogen"  bands 
are  lacking ;  in  petroleum  a  trace  of  X  3883  appears  when  the  poles  used 
have  been  made  from  carbon  rods  glowing  under  aniline.  In  KNOi 
only  traces  appear  —  even  weaker  than  those  given  by  water  contain- 
ing air.  But  in  view  of  what  has  been  said  of  the  part  played  by  salt 
solutions  in  the  development  of  the  arc,  this  negative  result  is  not  sur- 
prising. In  every  case  the  presence  of  nitrogen  is  necessary  to  the  pro- 
duction of  the  bands  in  question.  This  forms  a  new  proof  that  these 
four  bands  belong  to  cyanogen. 

As  to  the  origin  of  the  Swan  spectrum — a  much-contested  ques- 
tion for  over  fifty  years  —  Stokes  advanced  the  hypothesis  that  the 
so-called  "  carbon  "  band  spectrum  belonged  to  carbonic  oxide  —  an 
hypothesis  the  truth  of  which  Konen  considers  not  yet  rigorously 
proven. 

To  facilitate  the  discussion  of  this  question  six  classes  of  spectra 
are  distinguished  : 

1.  A  continuous  spectrum  without  bands  or  lines. 

2.  A  line  spectrum. 

3.  The  cyanogen  spectrum  with  edges  at  X  3590,  3883,  4216,  and  4606. 

4.  The  so-called  "carbon"  band,  or  Swan  spectrum,  with  principal  heads 
at  X  4382,  4738,  5164,  5633>  and  6187. 

5.  The  so-called  "carbonic  oxide"  spectrum  with  edges  at  X  4509,  4834. 
5196. 5608, 6078,  6309,  6622. 

6.  The  carburetted  hydrogen  flame  spectrum  with  edges  X  4315,  4368, 
3872,  and  3627. 
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The  condition  under  which  the  first  three  appear  are  briefly  given. 
No.  4  appears  with  No.  6  in  the  carburetted  hydrogen  flame  ;  in  the  arc 
in  air  and  different  gases  ;  in  the  liquid  arc  under  certain  conditions  ; 
in  vacuum  tubes  filled  with  carburetted  hydrogen ;  in  the  cyanogen  flame  ; 
in  carbon-dioxide  gas  at  moderate  pressures  ;  in  tubes  during  the  first 
part  of  the  discharge  in  carbonic-oxide  gas ;  in  the  brush  discharge  in 
alcohol,  glycerine,  ether,  acetic  acid,  etc.;  in  the  Sun  ;  and,  doubtfully, 
in  numerous  other  instances.  The  Swan  spectrum  is  absent  in  the  CO 
and  CS2  flames.  No.  5  is  obtained  from  an  impurity  in  Geissler  tubes  ; 
in  CO  and  C<93  tubes  ;  also  with  oxygen  or  air  in  various  carbon  com- 
pounds. It  is  absent  in  the  CO  and  C£,  flame,  and  in  the  spark  of 
hydrogen  or  water  vapor.  No.  6  is  obtained  only  by  burning  car- 
buretted hydrogen  with  oxygen  in,  e.g.,  a  Bunsen  flame.  It  is  absent 
in  the  spark  discharge  between  carbon  electrodes  in  air,  C07  and  H; 
also  when  No.  4  is  strongly  present.  It  is  a  remarkable  fact  that  most 
observers  have  identified  the  flame  or  Swan  spectrum  with  No.  4. 

Spectrum  No.  4  is  then  discussed.  The  question  of  its  origin  is 
connected  closely  with  that  of  No.  5.  The  points  to  be  settled  are: 
Does  the  spectrum  belong  to  (1)  carbon  itself;  (2)  to  the  positive  ion 
of  carbon  in  an  ionized  state  ;  (3)  to  a  hydrogen  compound  of  carbon  ; 
or  (4)  to  an  oxygen  compound — i.e.,  to  CO?  (1)  and  (2)  may  be 
treated  together.  The  results  obtained  with  cyanogen  and  water,  etc., 
show  that  (3)  is  out  of  the  question.  Moreover  as  no  rule  has  been 
found  whereby  a  certain  spectrum  may  be  shown  to  be  due  to  one  of 
two  components,  or  to  the  "  completed  compound,"  or  to  all  these 
together,  it  is  clear  that  some  uncertainty  must  enter  into  the  proof 
that  a  definite  compound  causes  that  spectrum.  In  the  light  of  this 
reasoning  SmithelPs  investigation,  in  which  he  sought  to  explain  the 
behavior  of  CO  and  CO,  by  different  degrees  of  dissociation,  is  very 
artificial  and,  at  best,  hypothetical.  If  it  cannot  be  shown  indubitably 
that  the  spectrum  in  question  conies  from  a  finished  product,  then  the 
proof  that  it  is  caused  by  the  presence  of  CO,  for  instance,  means  no 
more  than  that  one  or  the  other  element  is  essential. 

The  real  question  is  :  "  Is  the  presence  of  oxygen  necessary  to  the 
formation  of  the  'carbon  '  band-spectrum  ?"  Two  experimental  difficul- 
ties are  present.  An  affirmative  result  —  the  presence  of  a  certain  band 
in  a  given  case  —  admits  of  no  conclusion  ;  while  the  value  of  a  nega- 
tive result — the  absence  of  that  band  —  depends  wholly  upon  the 
sensitiveness  of  the  spectral  reactions.  If  this  limiting  sensitiveness 
be  passed  it   is  practically  and   chemically  impossible  to  exclude  the 
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presence  of  a  definite  substance.  But  it  is  possible  to  establish  one 
limit  showing  how  much  of  an  impurity  must  be  present  to  produce  a 
given  spectrum,  and  another  showing  how  much  can  be  present  with- 
out being  active  spectroscopically.  Only  within  such  bounds  has  the 
following  experiment  any  meaning  ;  and  it  cannot  presume  to  lead  to  a 
decision  in  the  question  of  the  origin  of  spectra  4  and  5. 

Metal  and  carbon  poles  were  used.  The  latter  were  placed  in  a 
glass  tube  attached  to  a  mercury  pump  ;  the  air  was  exhausted,  the  tube 
steadily  heated,  and  an  electric  discharge  —  as  strong  as  possible  —  was 
passed  between  the  pole  pieces.  Then  the  tube  was  sealed  off  and 
broken  open  beneath  the  surface  of  a  testing  liquid  ;  the  terminals 
were  then  placed  in  position,  boiled  in  liquid,  and  covered  with  a  layer 
of  graphite  by  the  action  of  the  arc  discharge  —  a  result  most  easily 
accomplished  by  the  use  of  aniline.  The  liquids  used  —  water,  salt 
solutions, alcohol,  glycerine,  carbon  tetrachloride,  aniline,  carbon  bisul- 
phide, petroleum,  and  ammonia  —  were  chemically  pure  and,  as  far  as 
possible,  were  preserved  over  phosphorous  pentoxide  in  the  dark.  In 
distilled  and  conducting  water,  spectrum  No.  4  appeared  complete.  As 
was  suspected,  CO  is  developed  in  large  amounts.  An  air-blast  made 
no  difference.  The  same  is  true  for  alcohol,  glycerine,  and  ammonia. 
The  bands  are  less  intense  than  in  air.  Metal  terminals  cause  a  further 
weakening.  In  some  liquids,  e.  g.,  very  strong  salt  solutions,  the 
bands  can  be  blotted  out.  It  is  well  known  that  in  air  the  introduction 
of  metals  weakens  the  carbon  and  cyanogen  bands.  In  both  cases  it 
is  quite  appropriate  to  explain  the  phenomenon  in  accordance  with  the 
CO  hypothesis,  as  a  process  of  oxidation  in  which  the  metal  seizes  the 
oxygen.  The  temperature  of  the  carbon  poles  under  water  plays  a 
part.  With  metals  this  temperature  is  visibly  less,  as  is  clear  from  the 
smaller  consumption  of  carbon  and  the  shrinking  of  the  heated  area 
of  the  pole,  and  it  is  in  precisely  these  instances  that  the  carbon  bands 
are  lacking.  Carbon  bisulphide  fogs  quickly,  permitting  only  visual 
observations.  In  all  cases  the  carbon  bands  are  unquestionably  pres- 
ent. In  aniline  bands  appear  at  \  56,  51,  and  47,  but  the  decomposi- 
tion produces  such  strong  absorption  near  A.3883  that  that  region  of  the 
plate  is  not  affected  at  all,  and  the  cyanogen  band  therefore  does  not 
appear.  In  carbon  tetrachloride  these  three  bands  are  stronger  than 
in  aniline  ;  they  are  most  intense  in  petroleum  and  here  a  trace  of  A.  3883 
appears,  while  the  bands  of  spectrum  No.  6  as  well  as  all  lines  are 
absent.  Visual  observation  of  carbon  bisulphide,  chloroform,  and  tur- 
pentine give  the  same  result,  apart  from  the  continuous  spectrum  the 
green  band  alone  is  present,  and  it  only  faintly. 
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If  the  sensitiveness  of  the  arc  to  traces  of  water  or  oxygen  is  small 
enough,  then  the  deduction  may  be  drawn  that  "  the  presence  of  oxygen 
is  not  necessary  for  the  production  of  spectrum  No.  4.  The  old  theory 
is  then  confirmed  —  the  so-called  carbon  band-spectrum  rightly  deserves 
its  name." 

On  the  other  hand,  we  must  emphasize  the  impossibility  of  keeping 
the  carbon  rods  and  the  liquids  free  from  oxygen  ;  and,  if  we  rate 
higher  the  sensitiveness  of  the  liquid  arc,  we  must  abstain  from  any 
conclusion.  If  the  existence  of  impurities  is  assumed,  an  exceptional 
position  must  be  conceded  to  oxygen  and  carbonic  acid. 

Dr.  Konen  discusses  other  forms  of  discharge  in  liquids,  namely, 
the  gloiv,  brush,  and  un condensed  and  condensed  sparks.  The  points  of 
greatest  interest  in  connection  with  the  subject  in  hand  are  that  with 
the  brush  discharge  in  ether,  alcohol,  and  solutions  of  iodine  or  bromine 
in  ether,  the  Swan  spectrum  is  obtained  in  an  especially  beautiful 
manner.  In  the  arc  the  electrodes  were  the  important  element,  in 
the  brush  discharge  the  liquid  is.  "The  only  deduction  possible  'from 
brush  discharge  experiments '  must  take  the  form  of  a  reiteration  of 
the  statement  made  regarding  the  results  of  the  carbon  arc." 

With  the  condensed  spark  it  is  impossible  with  water,  ether,  alcohol, 
and  salt  solutions,  and  either  carbon  or  graphite  electrodes,  to  obtain 
traces  of  the  carbon  or  cyanogen  spectrum  ;  and  here,  as  with  the  arc, 
salt  solutions  have  no  effect.  With  a  9.5  per  cent.  FaCl2  solution  and 
Fe  terminals  Konen  obtained  a  bright  line  spectrum  where  Hale  had 
found  an  absorption  spectrum. 

H.  Konen. 


FIRE  AT  THE  YERKES  OBSERVATORY. 

Durinc;  the  past  two  years  a  horizontal  reflecting  telescope,  to  be 
used  with  a  ccelostat  of  30  inches  aperture,  has  been  in  process  of  con- 
struction at  the  Yerkes  Observatory.  In  conjunction  with  the  instru- 
ment a  large  concave  grating  spectrograph  had  been  provided  for 
photographing  stellar  spectra.  On  December  22,  when  the  final  adjust- 
ments of  the  spectrograph  were  being  made,  the  building  caught  fire 
from  the  breaking  down  of  the  insulation  of  the  wires  connected  with 
the  comparison  spark  apparatus.  Under  ordinary  circumstances  the 
small  blaze  thus  produced  might  easily  have  been  extinguished.  But 
it  had  been  necessary  to  construct  the  constant-temperature  spectro- 
graph house  and  the  building  containing  the  telescope  as  cheaply  as 
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possible  as  very  little  money  could  be  obtained  for  the  purpose.  For 
this  reason  building  paper  and  wood,  with  intervening  air  spaces,  had 
been  employed.  This  burned  so  rapidly  that  although  the  fire  extin- 
guishers were  at  once  brought  into  action  the  flames  were  past  control. 
In  spite  of  the  best  efforts  of  the  members  of  the  Observatory  staff,  the 
buildings  were  destroyed,  together  with  the  new  spectrograph  and  the 
30-inch  plane  mirror,  driving-clock,  and  all  the  smaller  parts  of  the 
coelostat.  A  second  plane  mirror  of  24  inches  aperture  was  saved,  but 
the  24- inch  concave  mirror  of  62  feet  focal  length  was  destroyed. 

The  house  containing  the  horizontal  telescope  was  situated  at  some 
distance  from  the  main  Observatory  building,  which  was  not  damaged 
in  the  least. 

The  work  of  reconstructing  the  mechanical  and  optical  parts  is 
already  under  way,  and  it  is  hoped  that  funds  can  be  secured  to  com- 
plete the  instrument  in  a  thoroughly  satisfactory  manner,  and  to  provide 
a  suitable  house  of  permanent  construction. 
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THE  -SOLAR  CONSTANT"  AND  RELATED 
PROBLEMS.1 

By  S.    P.   Langley, 

Physical  astronomers,  armed  with  new  methods  and  per- 
fected appliances,  are  helping  us  to  a  view  of  the  progress  of 
creation,  from  its  beginning  in  the  nebula,  which  must  interest 
every  student  of  nature.  But  however  much  our  attention 
is  aroused  by  the  purely  scientific  aspect  of  such  general 
studies,  we  must,  it  seems  to  me,  consider,  in  the  case  I  have 
now  to  present,  utility,  even  before  abstract  interest.  I  refer  to 
the  study  of  the  Sun,  for  though  the  most  unformed  nebula 
may  hold  the  germs  of  future  worlds,  yet  for  us  these  possi- 
bilities are  but  interesting  conjectures.  For,  as  I  have  said  else- 
where, I  recognize  that  every  nebula  might  be  wiped  out  of  the 
sky  tonight  without  affecting  the  price  of  a  laborer's  dinner, 
while  a  small  change  in  the  solar  radiation  may  conceivably 
cause  the  deaths  of  numberless  men  in  an  Indian  famine. 

From  the  foundation  of  the  Smithsonian  Astrophysical 
Observatory    until    now,    I     have    therefore    directed    its    work 

'Read  before  the  Washington  meeting  of  the  American  Association  for  the 
Advancement  of  Science,  December  30,  1902. 
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toward  solar  study,  with  a  view  to  its  probable  utilities  as  well  as 
to  its  purely  scientific  value,  while  still  regarding  this  last  as  of 
high  importance. 

While  the  Sun,  then,  can  be  viewed  merely  as  the  nearest 
and  most  accessible  star,  yet  it  is  here  considered  in  a  more 
important  aspect  to  us,  as  the  source  of  the  radiation  on  which 
all  human  life  depends. 

I.  Early  work  at  the  Allegheny  Observatory  and  on  Mount 
Whitney, — Some  twenty  years  ago  it  was  my  good  fortune  to 
devise  a  successful  means  of  measuring  those  minute  quantities 
of  heat  on  which  depends  an  accurate  determination  of  the  pos- 
sible variation  in  the  enormous  quantities  which  the  Sun  sends 
the  Earth.  This  instrument,  the  bolometer,  I  used  for  nearly  a 
decade  at  the  Allegheny  Observatory  in  the  investigation  of  the 
Sun.  It  early  appeared  that  many  questions  of  the  gravest 
importance,  especially  that  of  the  so-called  "solar  constant," 
depended  for  their  solution  on  the  observer's  stationing  himself 
as  high  above  our  lower  air  as  practicable.  Accordingly,  when 
through  public  and  private  channels  the  necessary  means  were  at 
length  provided,  I  conducted  an  expedition  to  Mount  Whitney,  in 
southern  California.  This  expedition  was  provided  with  such 
essentials  of  a  solar  observatory  as  could  be  gathered  and  trans- 
ported with  the  limited  means  at  command,  and  was  fortunate 
in  including  in  its  personnel  the  youthful  Keeler,  whose 
untimely  end  we  all  of  us  regret. 

The  observations  secured  at  Mount  Whitney  confirmed  mv 
conclusion  that  the  earlier  values  of  the  "solar  constant"  by 
Pouillct  and  others  were  too  low.  They  had  been  obtained  bv 
the  aid  of  the  actinometer  or  the  pyrhcliometcr  —  instruments 
which  were  made  to  father  results  that  they  were  not  strictly 
responsible  for,  through  the  use  of  wrong  methods  of  extrapola- 
tion. It  had  been  tacitly  assumed  that  all  solar  rays  are  equally 
absorbed,  or  at  least  that  all  are  similarly  absorbed,  in  passing 
through  successive  layers  of  the  Earth's  atmosphere.  Nothing 
could  be  more  incorrect.  Sonic  large  gaps  are  left  in  the  spec- 
trum where,  for  a  range  of  wave-lengths  as  great  as  from  the 
violet  to  the  red,  almost  no  energy  remains  after  the  solar  beam 
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has  passed  through  half  the  layer  of  air  between  the  Sun  and 
sea  level,  and  I  have  shown  that  the  absence  of  the  study  of 
individual  rays  —  a  study  since  made  possible  by  the  bolometer 
—  leads  to  an  altogether  too  small  value  of  the  solar  constant. 
It  was,  in  short,  shown  by  these  observations  that  the  solar 
radiations  must  be  analyzed  and  their  amount  measured  wave- 
length by  wave-length,  and  coefficients  of  atmospheric  transmis- 
sion worked  out  for  narrow  spectral   regions,  before  any  trust- 
worthy value  could  be  assigned  to  the  solar  radiation  outside  the 
Earth's  atmosphere.    It  is  satisfactory  to  see  how  thoroughly  this 
view,  novel  enough  then,  has   now  been  accepted.     Its  results1 
gave  values  of  from  3  to   3.5  calories  for  the  solar  constant,  thus 
nearly  doubling  the  classical  value,  1 .76  calories,  of  Pouillet.   They 
brought  no  certainty  of  the  fixity  of  this  so-called  "  constant," 
which,  however,  indications  now  lead  us  to  consider  as  possibly 
variable,   and    one  whose   changes   are   not   improbably  of    the 
deepest    practical    concern    to    us.     Where  the  most   elaborate 
determinations  of  a  quantity  by  competent  observers  thus  differ 
by  nearly  100  per  cent.,  it  is  evident  that,  if  there  be  consid- 
erable real  variations  in  this  quantity,  they  may  exist  without 
detection. 

Were  there  no  intervening  terrestrial  atmosphere,  we  might 
determine  these  solar  variations,  if  they  exist,  by  observations 
made  here;  but  the  difficulties  of  such  a  research,  when  con- 
ducted anywhere  through  the  Earth's  actually  intervening  and 
changing  atmosphere,  are  manifest,  and  in  our  actual  station 
perhaps  insuperable.  I  shall  proceed  to  give  an  example  of  the 
best  means  at  our  command  for  overcoming  them — means  admit- 
tedly insufficient  here,  but  which  we  may  hope  to  employ  later 
in  a  more  favorable  locality,  at  an  elevated  station.  This  done, 
it  will  remain  to  consider  an  independent  method  which,  by 
direct  study  of  the  Sun's  atmospheric  envelope,  holds  out 
some  possibility  of  success  in  detecting  variations  in  the  Sun's 
radiation,  if  these  exist,  even  in  our  actually  unfavorable  con- 
ditions. 

JSce  Professional  Papers,  Sighal  Service,  XV,  "Report  of  the  Mount  Whitney 
Expedition." 
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2.  Improvements  in  apparaUis. —  Since  the  institution  of  the 
Smithsonian  Astrophysical  Observatory,  almost  every  year  has 
witnessed  improvements  of  the  apparatus  employed  for  making- 
solar  energy  spectrum  observations,  such  as  are  necessary  in  the 
problems  relating  to  the  solar  constant.  The  story  of  all  these 
improvements  is  quite  too  long  to  tell  here,  but  can  be  found  in 
Vol.  I  of  the  Observatory's  Annals. 

In  consequence  of  these  changes,  which  have  now  occu- 
pied me  so  many  years,  with  final  success,  where  two  years  of 
my  personal  assiduous  labor  formerly  passed  (at  Allegheny)  in 
getting  an  imperfect  picture  of  the  distribution  of  the  energy  in 
the  solar  spectrum,  extending  from  the  violet  down  to  a  wave- 
length of  2. 5  fM — this  can  now  be  obtained  with  ease  in  fifteen 
minutes  of  time,  by  an  almost  automatic  process. 

This  stretch  of  spectrum  contains  almost  all  the  energy  which 
reaches  sea  level,  and  includes  many  regions  of  powerful  water 
vapor  absorption.  It  extends  into  a  portion  of  the  infra-red 
entirely  unknown  before  the  time  of  the  Mount  Whitney  expe- 
dition, and  which  was,  in  fact,  discovered  in  my  observations  on 
Mount  Whitney  itself. 

You  see  superposed  upon  this  chart  (Plate  VII)  before  you 
f\vQ  of  the  energy  spectrum  curves  to  which  I  have  just  referred. 
The  curves  were  taken  at  intervals  of  about  one  hour  in  two 
different  afternoons.  You  will  note  that,  while  the  five  are  gen- 
erally similar,  the  lower  pair  shows  greater  absorption  by  water 
vapor  in  the  great  infra-red  bands. 

3.  Nezu  work  of  the  Smithsonian  Observatory. —  Armed  now 
with  apparatus  capable  of  such  results  as  I  have  just  noted,  and 
with  the  ability  to  gather  in  a  quarter  of  an  hour  observations 
which  could  not  have  been  obtained  with  equal  accuracy  in 
years  of  former  work,  the  problem  of  the  solar  constant  and  the 
absorption  of  the  solar  radiation  within  the  solar  envelope,  and 
within  the  Earth's  atmosphere,  has,  after  long  intermission,  now 
been  taken  up  again  at  the  Smithsonian  Astrophysical  Observa- 
tory, not  with  the  expectation  that  a  final  solution  can  be 
reached,  in  its  unfavorable  local  conditions,  but  with  the  hope 
that    we    may    reach    a    useful    approximate    one,  and    become 
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familiar  in  practice  here  with  methods  to  be  carried  out  later,  it 
is  hoped,  under  more  favorable  conditions. 

4.  The  method  of  study. — The  work  now  commenced  here  is 
planned  to  include  tire  following  parts: 

a)  A  study  of  the  yearly  variations  of  the  selective  absorp- 
tion of  the  Earth's  atmosphere  by  the  aid  of  a  long  series  of 
holographs. 

b\  The  production  of  holographic  energy  spectrum  curves  at 
different  altitudes  of  the  Sun  for  the  purpose  of  obtaining  coeffi- 
cients of  atmospheric  transmission  at  any  desired  wave-lengths. 

c)  Experiments  to  determine  the  loss  experienced  by  the 
radiations  in  passing  through  the  various  optical  parts  of  the 
holographic  apparatus. 

d\  The  standardization  of  the  holographic  apparatus  by  acti- 
nometer  observations  simultaneous  with  the  holographs. 

e)  The  reduction  of  these  several  kinds  of  data  to  furnish 
coefficients  of  atmospheric  transmission,  coefficients  of  transmis- 
sion of  the  apparatus,  and  ultimately  means  of  getting  values  of 
the  solar  constant. 

These  five  classes  of  studies  refer  mostly  to  absorptions 
within  the  Earth's  atmosphere,  but  finally,  and  of  the  greatest 
importance  to  the  immediate  study  of  the  variations  of  solar 
radiation,  comes  a  study  of  the  absorption  of  the  solar  envelope 
for  any  desired  wave-lengths  by  means  of  holographs  taken  at 
selected  points  on  a  large  solar  image. 

5.  Selective  absorption  of  water  vapor. —  Continuing  our  con- 
sideration ot  the  absorptions  in  the  Earth's  atmosphere,  we 
observe  that  this  chart  (Plate  VIII)  gives  a  summary  of  eight 
months  of  holographic  spectral  actinometry.  The  holographs 
taken  near  noon  of  all  clear  days  since  February,  1902,  have 
been  reduced  to  a  uniform  scale  of  ordinates  by  a  method  which 
need  not  here  be  described,  and  their  areas  between  wave-lengths 
0.76/*  and  2.0/x  have  been  obtained.  These  areas  are  propor- 
tional to  the  total  solar  radiation  between  wave-lengths  0.76/4 
and  2fi  which  reaches  the  sea  level. 

In  this  infra-red  portion  occur  the  great  water  vapor  absorp- 
tion bands  par,  <f>,  yjr,  and  ft,  but  there  is  some  reason  to  suppose 


94  S.  P.  LANGLEY 

that  the  percentage  absorption  of  water  vapor  is  no  greater  here 
than  in  the  visible  spectrum  as  a  whole. 

The  areas  measured  are  plotted  in  the  upper  curve  of  Plate 
VIII.  It  will  be  seen  how  broken  and  variable  the  height  is,  but 
how  the  general  slope  indicates  a  considerable  falling  off  in 
energy  in  the  summer  months.  The  reason  of  this  appears  in 
the  next  lower  curves.  Of  these  the  dotted  one  gives  the  sum- 
mation of  the  areas  of  those  parts  of  the  holographs  known  to 
suffer  greatly  from  water  vapor  absorption,  and  the  full  one 
gives  the  remainder  not  so  much  affected  by  it.  You  see  how 
obviously  our  solar  radiation  is  affected  by  the  water  vapor  in 
the  air.  The  difference  between  March  and  August  amounts  to 
about  20  per  cent.  It  has  been  pointed  out  in  Vol.  I  of  the 
Smithsonian  Astrophysical  Observatory  Amials  that  this  water  vapor 
absorption  is  annually  periodic  in  its  fluctuations,  and  is  at  a  mini- 
mum in  spring.     A  secondary  minimum  occurs  in  the  autumn. 

6.  The  general  absorption  of  the  Earth's  atmosphere. —  During 
the  past  year  attempts  have  been  made  on  each  promising  day 
to  get  a  series  of  solar  energy  curves  taken  with  different  alti- 
tudes of  the  Sun,  beginning  in  the  morning  and  continuing  every 
hour  till  late  in  the  afternoon.  Many  of  these  series  were 
stopped  or  rendered  valueless  by  the  appearance  of  clouds  or 
haziness ;  for  it  is,  indeed,  surprising  to  find  how  little  apparent 
change  in  the  clearness  of  the  air  alters  decidedly  its  transpar- 
ency for  some  wave-lengths. 

The  method  of  reduction  of  the  observations  is  as  follows: 
A  number  of  points  on  the  holographs  are  selected  where  there 
are  no  prominent  bands  of  selective  atmospheric  absorption.  At 
these  points  the  heights  are  proportional  to  the  deflections  of  the 
galvanometer  and  to  the  amounts  of  solar  radiation  of  certain 
known  wave-lengths  which  fall  upon  the  bolometer.  For  each 
holograph  the  time  of  passing  these  selected  points  is  known, 
and  therefore  the  altitude  of  the  Sun. 

We  thus  have  all  the  data  for  fixing  the  mass  of  air  traversed 
by  the  solar  beam  on  several  occasions,  and  the  relative  amounts 
of  radiation  of  certain  wave-lengths  remaining  after  the  passage 
through   the  air    column.     We  assume  now  the  validity  of  the 
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familiar  formula  of  Bouguer,  which  seems,  as  applied  to  indi- 
vidual wave-lengths,  to  express  well  the  results  of  these  experi- 
ments.1 

Such  a  procedure  as  I  have  indicated,  applied  to  the  work  of 
six  of  the  best  days,  has  yielded  the  results  which  appear  on 
this  chart  (Plate  IX)  before  you.  The  six  thin  broken  lines 
show  the  values  of  atmospheric  transmission  coefficients  deter- 
mined for  the  twelve  different  wave-lengths  as  indicated  by  the 
abscissae  of  the  chart.  The  heavy  line  represents  the  mean 
result  of  these  six  different  days  of  observation.  You  will  see 
how  well  the  results  generally  agree.  They  were  taken  from 
different  seasons  of  the  year  and  very  different  air  masses.  The 
significant  depression  of  the  curve  as  it  ends  in  the  infra-red 
and  also  near  the  D  lines  I  suppose  to  be  due  to  a  general 
absorption  of  water  vapor  in  these  spectral  regions. 

Another  interesting  feature  of  the  work  is  that  in  the  morn- 
ing hours  the  transparency  of  the  air  generally  increases  rapidly 
and  sometimes  irregularly,  while  in  the  afternoon  it  continues 
longer  of  nearly  uniform  and  maximum  transparency.  This 
result  is  shown  by  this  chart  (Plate  X),  in  which  the  lines  are 

plotted  from  the  values  of  log  d  and  m-^    (see  footnote,  p.  95) 

1  If  we  suppose  e  to  represent  the  amount  of  radiant  energy  per  square  centi- 
meter of  the  given  wave-length  which  reaches  the  Earth's  surface;  eQ  the  amount 
prior  to  absorption  by  the  air;  a  the  proportion  transmitted  by  a  unit  air  mass,  repre- 
sented by  vertical  transmission  through  an  air  column  of  barometric  pressure  BQ%  then 
for  the  given  barometric  pressure  B  and  for  the  air  mass  m  we  have  by  Bouguer's 
formula : 

B 

e  =  tdamT«  . 
But  since  the  height  of  the  holograph  d  at  the  given  wave-length  is  proportional 
to  ey  we  may  write,  by  introducing  an  instrumental  constant  £, 

fi 
d—ke  =  ke«a  m  />*„  . 

It  is  convenient  for  graphical  computation  to  put  this  formula  in  logarithmic  form 
as  follows: 

log  d  —  m  —  log  a  -f  log  keQ  . 

The  last  member  of  this  equation  is  supposedly  constant,  and  hence  we  have  here 
the  equation  of  a  straight  line.     Accordingly,  if  all  the  observed  values  of  log  d  and 

D 

n—  are  plotted  on  any  convenient  scale,  the  quantity  log  a  appears  as  the  tangent 
of  the  inclination  of  the  line  determined  by  them. 


X 


v    v  <u  <v 

•5    E  S  £ 

rt  rt  rt 

ert  i/a  «a 

0)      U  0>  l> 


96  S.  P.  LA  NO  LEY 

for  two  different  days  at  a  wave-length  of  0.51/4.  As  I  have 
said,  all  the  observed  points  should  lie  upon  a  straight  line  the 
tangent  of  whose  inclination  is  the  value  of  log  a.  It  will 
be  noied  that  the  morning  hours  yield  much  steeper  and  more 
irregular  lines  than  the  afternoon  hours,  indicating  the  increase 
of  transparency,  which  culminates  shortly  after  noon.1 

This  general  result  of  the  preliminary  experiments  on  the 
Earth's  atmosphere  may  be  of  interest  to  meteorologists. 

7.  The  absorption  of  the  apparatus  and  its  standardization  by  the 
actinomcter  measures. — Let  us  recall  that  before  reaching  the 
bolometer  each  ray  of  light,  of  whatever  wave-length,  is  dimin- 
ished in  intensity,  first  by  the  absorption  of  the  solar  envelope, 
second  by  the  absorption  and  diffuse  reflection  of  the  Earth's 
atmosphere,  third  by  a  similar  loss  at  the  siderostat  mirror,  and 
fourth  within  the  spectroscopic  train.  These  several  losses  are 
not  the  same  for  different  wave-lengths,  but  all  tend  to  increase 
as  we  pass  from  the  infra-red  into  and  through  the  visible  spec- 
trum. 

The  atmospheric  transmission  has  just  been  mentioned,  and 
we  will  now  consider  the  losses  within  the  train  of  apparatus. 
In  my  earlier  work  at  Allegheny,  I  determined  the  reflec- 
tion  coefficients  for  silvered  glass  mirrors,  and  more  recently 
other  investigators  have  done  the  same.  I  do  not  therefore 
stop  to  give  more  recent  results  obtained  here,  as  they  are 
in  substantial  agreement  with  these  others,  but  it  may  be  well  to 
say  that,  inasmuch  as  the  reflecting  power  of  the  silvered  sidero- 
stat mirror  rapidly  deteriorates  in  the  visible  spectrum,  it  is 
necessary  to  determine  this  quantity  frequently  in  solar  constant 
work. 

Similarlv,  the  three  mirrors  of  the  spectroscope  deteriorate, 
and  require  that  frequent  determinations  of  the  relative  trans- 
mission of  the  spectro-bolometer  for  all  wave-lengths  should 
be  made.  I  do  not  here  detail  the  elaborate  procedure  adopted 
for  this  purpose. 

Referring  to  Plate  VII    again,  you    see   before  you  five  solar 

'It  is  at  the  same  time  to  be  noted  that  conditions  of  "good  seeing"  are  usually 
associated  with  the  morning  hours. 
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spectrum  energy  curves.  Take  any  one  of  these  in  illustration. 
Its  ordinates  represent  intensities  of  radiation  for  all  wave-lengths 
from  0.45/A  to  2.5/1.  The  area  bounded  by  this  curve  and  the 
axis  of  abscissae  is  therefore  proportional  to  the  total  solar 
radiation  between  these  wave-lengths  which  reaches  the  bolom- 
eter. If  now  all  the  ordinates  should  be  increased  by  divid- 
ing their  lengths  by  the  corresponding  transmission  coefficients 
of  the  spectro-bolometer,  we  should  obtain  a  new  corrected 
energy  curve.  This  curve  may  be  extended  by  extrapolation 
to  include  the  small  amounts  of  solar  radiation  not  included 
between  wave-lengths  0.45/iand  2.5/i,1  and  its  area  will  then  be 
proportional  to  the  total  solar  radiation  in  the  beam  reflected 
by  the  siderostat  mirror. 

8.  A  provisional  value  of  the  solar  consta?it. —  In  the  steps  which 
follow,  the  necessary  data  are  introduced  to  furnish  a  provi- 
sional value  of  the  solar  constant. 

The  energy  curve  is  corrected  for  the  loss  at  the  siderostat 
mirror,  and  further,  by  the  application  of  Bouguer's  formula  and 
the  atmospheric  transmission  coefficients,  the  form  of  the  energy 
curve  outside  the  Earth's  atmosphere  is  reached.  Before  this 
final  step  all  the  great  terrestrial  bands  are  smoothed  over. 
Plate  XI  illustrates  the  several  steps  by  means  of  which  the 
holograph  is  corrected  to  exhibit  the  distribution  of  the  solar 
energy  outside  the  Earth's  atmosphere.  Curve  (1)  is  the 
holograph  itself.  Curve  (2)  is  corrected  for  relative  absorption 
in  the  spectroscope.  This  curve  is  extended  at  either  end  to 
include  what  may  reasonably  be  estimated  as  the  solar  radiation 
beyond  its  limits.  The  shaded  area  under  curve  (2)  represents 
an  actinometer  reading  of  1.36  calories  per  square  centimeter 
per  minute. 

Curves  (3)  and  (4)  give  the  distribution  of  the  solar  radia- 
tion in  the  prismatic  spectrum  respectively  at  the  Earth's  surface 
and  outside  the  atmosphere.  The  area  under  curve  (4)  is  1.87 
times  the  area  under  curve  (2),  and  we  therefore  find    from  this 

xIn  a  more  exact  determination  of  the  solar  constant  these  amounts  would 
require  careful  measurement,  but  in  this  illustration  only  a  rough  extrapolation  is 
attempted. 
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single  determination  that  the  solar  constant  is  2.54  calories  per 
square  centimeter  per  minute. 

(The  reader  will  understand  that  this  is  but  a  provisional 
value,  given  to  illustrate  the  method,  which,  it  is  hoped,  may  be 
pursued  later  under  more  favorable  local  conditions.  It  is, 
indeed,  unlikely  that  even  by  much  greater  labor  we  can  obtain 
an  accurate  value  of  the  constant  from  a  station  so  near  sea  level 
as  Washington,  where  the  atmospheric  absorption  is  so  large  and 
doubtful  a  factor.  It  will  be  remembered  also  that  the  writer 
.has  elsewhere  shown  that  such  values  obtained  near  sea  level 
are  always  of  necessity  too  small.) 

I  cannot  leave  this  part  of  the  subject  without  acknowledging 
my  constant  obligation  to  my  assistants,  Mr.  C.  G.  Abbot  and 
Mr.  F.  E.  Fowie,  for  aid  in  every  part  of  the  work. 

Wc  now  reach  the  most  important  part  of  our  study  of  the 
so-called  solar  constant,  and  of  its  possible  variation. 

9.  General  absorption  of  the  solar  envelope. — A  chief  cause  of 
possible  variability  of  the  solar  radiation  is  in  the  solar  envelope 
itself.  The  absorption  of  this  envelope  may  well  be  variable,  as 
I  have  remarked  in  earlier  articles,1  in  which  I  have  indicated 
how  far  the  surface  temperature  of  our  planet  may  depend  upon 
it,  and  Halm  has  recently2  put  forth  an  ingenious  theory  to 
explain  the  Sun-spot  cycle  on  this  basis.  I  refer  to  this  now 
only  to  point  out  that  bolomctric  work  upon  the  direct  solar 
image  and  on  the  relative  amounts  of  radiation  of  all  wave- 
lengths, and  from  its  various  parts  formerly  carried  on  by  me 
elsewhere,  has  been  now  taken  up  at  the  Smithsonian  Observa- 
tory, and  that  a  description  of  it  will  probably  form  the  subject 
of  a  later  memoir.  Inasmuch  as  we  receive  heat  and  light 
through  different  thicknesses  of  the  solar  envelope  at  different 
parts  of  the  disk,  we  have  here,  with  the  thermal  study  of  faculae, 
prominences,  and  spots,  a  means  of  studying  solar  absorption  and 
radiation  which,  if  continued  (as  I  hope  it  may  be)  over  a  Sun- 
spot  cycle,  will  determine  our  knowledge  of  whether  the  Sun's 
radiations  to  the  Earth  vary,  as  I  am  disposed  to  believe,  from 
month    to    month   and  year  to   year;  and  which    may,   it  seems 

1  Am.  Jottr.Sd.,  io,  4SQ.  1S75.  *  Nat  tire,  February  13,  1902. 
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increasingly  probable,  ultimately  bring  to  light  evidence  of 
variation  in  the  heat  it  sends  to  the  Earth,  which  may  not  only 
interest  the  astronomer,  but  be  of  practical  consequence  to  all 
men. 

SUPPLEMENTARY. 

Need  of  an  elevated  solar  observatory. — The  Earth's  temperature 

and  the  life  of  its  inhabitants,  both  animal  and  vegetable,  depend 

on  the  solar  radiation.     Yet  we  confess  that   even  at  this   late 

day  we  do  not  know,  with  any  certainty,  what  the  total  amount 

of  solar  radiation  is,  whether  it  is   constant  or  variable,  or  what 

effect  upon  terrestrial  life  and   temperature  a  given  change  in   it 

would  produce.     Our  ignorance  of  these  fundamental  things    is 

largely,  though  not  wholly,  due   to   the   variability  of  our  own 

atmosphere,  which  prevents  us  from  studying  that  of  the  Sun. 

The  preceding  observations  are  carried  on  here  with  extreme 

difficulty    under    the    almost   prohibitive    local    conditions    for 

such  work.     We  must  at  least  attempt  a  determination   of  the 

solar  radiation,  and  its  possible  variation  under  these  conditions; 

although  what  is  more  urgently  needed,  as  I  believe,  than  any 

other  desideratum   of    physical   astronomy,    is    to   establish    an 

observatory,  placed    in    some    clear    and    elevated    region    and 

charged  solely  with  problems  relating  to  the  possible  variations 

of  the  heat  the  Earth  receives  from  the  Sun.     I  have  referred  to 

the  former  expedition  to  Mount  Whitney  for  this  purpose,  but 

it  is   not  a  temporary  expedition,  but  many  years'  occupation 

which  is  now  in  question.     Now  that  great  undertakings  are  the 

order  of  the  day,  let  us  hope  that  some  way  may  open  to  reach 

the  solution  of  a  problem  which  so  concerns  the  whole  human 

race. 

Smithsonian  Institution, 
Washington,  D.  C,  February  7,  1903. 
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point  0,  which  marks  what  may  be  termed  the  mean  center  of 
illumination  of  the  incident  wave-front.  Let  the  angle  between 
this  line  oO,  and  the  secondary  optical  axis,  oa,  i.  e.y  the  angle 
aoO,  be  t.  Then  if  the  angle  oac  be  /c  as  before,  it  is  evident 
that  the  distance  f ,  of  an  image  from  the  central  point  c  of  the 
plane  in  which  it  lies,  will  be 

(x  =/  sin  k,  +  (z  — /)  sin  (*,  -  rj  .  (95) 

The  separation  of  two  images  which  lie  at  equal  distances  on 
opposite  sides  of  the  optical  axis  and  having  a  total  angular 
separation  k  will  be 

$    -.  2^--=/siiiK  +(s-/)  j  sin^  —tA  +  sin  l~  +  t\  I  , 

or  since  k  and  t1%  t2  are  all  very  small  angles 

(  =  z\k-  (t,  -  ra)  }  +/(rl  -  r,)  (96) 

and 

.-*(*-*)  +  **  p  (9?) 

where  5  is,  as  before,  the  total  linear  separation  of  the  mean 
centers  of  illumination  of  the  incident  wave-fronts. 

Comparing  (97)  with  (58)  we  see  that  in  this  latter  case  the 
change  in  the  separation  of  the  two  images  involves  the  con- 
sideration of  the  change  in  both  z  and/.  It  is  necessary  there- 
fore to  know  the  law  of  variation  of /with  /  to  the  same  degree 
of  exactness  as  that  with  which  we  know  the  coefficients  of 
linear  expansion  a,  a' ,  and  a"  involved  in  a  change  in  z. 

Expressing  the  values  of  dz  and  df'm  the  same  form  as  before 
[(63)  and  (94)],  and  taking  into  account  the  expansions  of  the 
micrometer  screw  and  photographic  plate,  etc.,  as  in  (59)  and 
(60),  we  finally  obtain  in  this  case: 

First,  for  direct  micrometric  or  heliometric  measurements 
at  the  focal  plane/ ^  z  +  </flt 

A£      ~k{z  +  t/il)  (a  —  a')  A/  +  till  \k  —  (rx  —  tJ  | 

-  (T,  -  t,)  iz  +  dtH)  (a  -  *'")  A/  ,  (98) 
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and  second,  for  comparator  measurements  on  photographic  plates 

^  =  *(s  +  ^0)[(a-a')A/+(a'-a'')A7] 

+  //O  [k  -  (r,  -  r,)]  -  (r,  -  r3)  (z  +  dQ)  (a  -  a'")  A/  .  (99) 

When  r1—r^t  i.e.,  when  the  mean  centers  of  illumination  5,  and 
S2  are  incident  at  the  same  point  on  the  objective,  the  measured 
separation  between  any  two  images  is  exactly  the  same  in  the 
case  of  eccentrical  incidence  as  in  the  case  of  centrical  incidence 
(64 )  and  (65),  previously  considered.  From  this  it  follows  that  any 
unsymmetrical  diaphragming  or  unsymmetrical  absorption  (the 
effect  of  which  is  the  same)  is  without  effect  on  Af,  provided 
only  that  the  wave-fronts  in  each  case  fill  the  whole  aperture.  The 
position  of  each  individual  image,  however,  will  be  shifted  by  an 
amount  indicated  by  differentiating  (95),  and  the  application  of 
this  principle  forms  the  basis  of  the  ingenious  methods  that  have 
been  described  by  Cornu,1  Newall,2  Hartmann,3  and  others  for 
determining  the  exact  focal  length  of  a  telescope. 
If  the  focusing  were  always  exact  we  would  have 

</0  =  (a-a"')/A/ 

(100) 

S  (a  -  a'")  (*  +  </G)  A/  ,  V         ' 

and  under  such  circumstances  (98)  and  (99)  would  again  reduce 
to  forms  identical  with  (64)  and  (65).  Exact  focusing,  in  the 
sense  in  which  the  term  is  used  in  metrological  work,  is,  how- 
ever, never  possible  by  the  ordinary  standards  of  definition ; 
hence  it  is  better  to  consider  these  terms  separately. 

The  quantities  a,  a',  a",  and  a'" ,  which  appear  in  the  first 
and  last  terms  of  (98)  and  (99)  are  ail  small  and  may  be  accu- 
rately determined  once  for  all.  Hence  since  d£l  is  always  small 
compared  to  z,  and  k  is  known  from  the  measurements  them- 
selves, we  can,  as  we  have  already  shown,  determine  the  value 
of  the  first  term  of  these  corrections  with  all  requisite  accuracy 
if  we  know  the  value  of  A/ within  30  (  zb  i?6).  In  order  to  do 
the  same  for  the  other  two  terms  we  must  first  of  all  determine 
the  values  of  the  angles  tx  and  r2. 

*  Ann.  de  i'£coIe  NormaU,  (2)  9,  21.  a  M.  N.%  57,  572,  1897. 

1AsTROPHYSICAL  JOURNAL,  12,  37,  I9OO. 
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The  first  and  most  interesting  case  to  be  considered  is  that  of 
the  prism  spectrograph.  Here  the  separation  of  the  axial  pen- 
cils of  the  two  extreme  wave-fronts  is  produced  by  the  dispersion 
of  the  spectroscope  train.  The  amount  of  this  separation  has 
already  been  calculated  [see  equation  (34)]. 

If  there  were  no  absorption  in  the  prism  train,  and  the  prisms 
and  view  telescope  had  apertures  sufficiently  large  to  trans- 
mit the  entire  beam  of  the  two  extreme  lateral  pencils,  the 
separation  5  given  by  (34)  would  be  that  required  in  (97). 
Owing  to  the  unsymmetrical  absorption,  however,  the  mean  cen- 
ter of  illumination  0  will  not  be  on  the  axis  of  the  wave-front, 
but  will  be  displaced  toward  the  refracting  edge  of  the  prism  by 
an  amount  proportional  to  the  coefficient  of  absorption.  With 
the  same  notation  as  that  already  employed  in  (8)  and  (9)  we 
have  for  the  total  quantitv  of  light  transmitted 

b 


-i  :■■ 


dx 

(101) 


/„  r  "'      _«-i 


Hence  the  mean  center  of  illumination  0  will   lie  at  a  point  S0 

such  that 

b 

L  P9  c-'txtix  =  -A  ,  (102) 

-s„  2 

which  by  comparison  with  (  101  )  gives  at  once 

I'h  Hi- 

\,  =  —  B  nap  log .  ( 1 03) 

1  .  3S6 
For  B  -    -       ,  as  previously  assumed. 


and  therefore 


s*-^.  (i«4) 


,  %—\» 
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/.  t\,  the  center  of  illumination  is  displaced  one-sixth   the  entire 
diameter  of  the  wave-front   toward   the    refracting    edge   of   the 
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prism  train,  and  the  angle  rx  for  the  wave-front  passing  at  mini- 
mum deviation  is  one-third  the  semi-angular  aperture  of  the  view 
telescope. 

In  order  to  avoid  displacement  of  the  central  image  (for 
which  k  —  o)  with  change  of  focus,  the  center  of  the  objective 
must  coincide  with  the  mean  center  of  illumination  0 ;  i.  e.,  the 
principal  axis  of  the  view  telescope  should  not  lie  on  the  axial 
line  of  the  ray  transmitted  at  minimum  deviation  but  should  be 
shifted  toward  the  refracting  edge  of  the  prism  train  by  the 
amount  indicated  in  (103).  This  is  a  point  generally  overlooked 
in  the  design  of  spectrographs. 

In  the  case  of  lateral  pencils  the  value  of  the  middle  term 
representing  the  effect  of  the  mechanical  change  in  focus  will  be 
less  or  greater  according  as  the  signs  of  r,  and  t2  are  the  same 
or  opposite,  and  according  as  the  sign  of  their  differences  is  the 
same  or  opposite  to  the  sign  of  /c.  If  t,  has  the  same  sign  as  tc 
we  may  make  the  term  k—  (tx— t7)  zero  by  properly  controlling 
St  and  S9t  the  points  of  incidence  of  the  centers  of  illumination 
of  the  lateral  wave-fronts.  In  the  case  of  the  spectrograph  this 
can  be  accomplished  by  so  proportioning  /,  the  focal  length  of 
the  view  telescope,  and  L,  the  total  length  of  path  through  the 
prism  train,  that  the  value  of  5  in  (97)  and  (34)  is  identical  with 
the  value  of  f,  the  separation  of  the  two  images  at  the  focal 
plane.     This  gives  us,  from  (34)  and  (35), 

flTg-TM)=/K  =  jVl\L1  +  3La  +  s£,+     •••(2N-i)^vl 

/     M  (,°5) 

+  «j  ZI  +  2Za+3ZJ+  •  ••  •  'v"2     (J  . 

or  since   the  total  angular  displacement  k  is  2N  times  the   dis- 

placement  -7-  for  one  refraction,  we  have  for  three  prisms 


/=72[/'  +  3/2+5Z0  +  6//[z+2Z+3tG 


(106) 


For  the  Bruce  spectrograph  already  considered 

/=  10.08  +  16.42  — =  26.5  cm  , 
instead   of  44.9  cm   and  60.7  cm,  as   adopted   for  camera  A  and 
camera  B. 
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Since  (34)  is  deduced  on  the  assumption  that  the  prisms  and 
objective  of  the  view  telescope  are  placed  as  close  together  as 
possible,  (105)  and  (106)  express  the  minimum  value  of /that 
will  satisfy  the  above  condition  for  the  elimination  of  the  term 
k—  (tx—  t2).  We  can,  however,  satisfy  this  condition  for  any 
larger  value  of  /  by  separating  the  prisms  or  by  withdrawing  the 
camera  objective  so  that  the  total  path  L  through  the  spectro- 
scope train  is  correspondingly  increased.  It  is  so  easy  to  do  this 
in  the  original  design  of  the  instrument,  and  the  advantage  result- 
ing from  it  in  the  entire  elimination  of  the  effect  of  errors  in 
the  scale  reading  XI  is  so  great,  that  it  is  singular  that  this 
particular  point  of  design  seems  to  have  been  previously  over- 
looked. 

We  may  accomplish  the  same  result  in  the  case  of  the  plane- 
grating  spectrometer  by  making  the  distance  from  the  grating 
to  the  objective  of  the  view  telescope  equal  to  the  focal  length 
of  the  latter.  In  this  case  as  before  the  objective  of  the  view  tele- 
scope must  be  increased  in  size  sufficiently  to  receive  the  entire 
cross-section  of  the  lateral  beams.  In  this  latter  case  the  use 
for  which  the  instrument  is  intended,  as  well  as  the  form  of  view 
telescope  adopted,  must  be  considered  before  we  can  determine 
in  any  case  whether  it  is  worth  while  to  introduce  this  modifica- 
tion of  the  usual  design.  With  reflecting  view  telescopes  the 
condition  is  very  easily  and  almost  necessarily  satisfied,  and  this 
is  another  advantage  of  this  form  of  grating  spectroscope.1 

In  the  case  of  the  heliometer  we  may  satisfy  the  same  condi- 
tion of  zero  displacement  with  change  in  the  position  of  the  cve- 
pii^ce  by  proper  diaphragming.  With  a  full  semi-circular  aperture 
the  total  quantity  of  light  in  the  transmitted  wave-front  is  pro- 

pjrtional   to  -irr\      If  we   diaphragm  one  edge  of  the  aperture 

bv  an  amount  mR  the  amount  of  light  transmitted  will  be 

A        )  ]  'jV-.vV.v  J 

'  lR  \    •     (107) 

—     -  I  ( 1  —  m)  ]    zm  —  ml  -f-  sin    '  ( 1  —  ;;/)  -| it  I 

l/Vu7.  Mai*.%  38,  137;  AsTRoriiYsiru.  Jotknai,  i,  2^2,  e(c. 
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The  mean  center  of  illumination  of  the  diaphragmed  aperture 
lies  at  a  point  SQ  such  that  SQ=R  (1  —  n)  and 

•»- J?(x-«)       

and  therefore 


-j? 


x/Rt-xldx  =  -A  , 


2  [(*  -  1)  x/2n  -  n*  +  sin"'  (n  -  1)]  +  - 


=  ( 1  —  m)  y  2m  —  m*  +  sin ~"x  ( 1  —  m)  =  —A  — 


=  Am  .    (108) 


Fig.  12. 


Let  A0=-wJP  be   the  amount  of  light    transmitted  when  there 
is  no  diaphragm.     Then  we  have  from  (107)  and  (108) 


Aa  ff     +2 


(109) 


Equation  (108)  serves  to  determine  m,  the  amount  of  dia- 
phragming  required  for  any  given  value  of  n,  and  (109)  gives 
the  ratio  between  the  illumination  secured  with  this  diaphragm 
and  the  illumination  with  full  (half)  aperture.  To  determine  // 
we  have  also  in  this  case 


4=/Tf=/^=J?(l-»)    , 


whence 


n  =  1 


2/3 


(no) 
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Assume  as  before  that  for  a  16  cm  heliometer  )S^  .03.     Then  for 

two  objects  separated  by  an  angular  interval  of  o?5,  -  =  0.00436 

and  n^  0.855,  *.  e.,  the  center  of  illumination  of  the  incident 
wave-front  should  fall  upon  each  half  of  the  divided  lens  0.145 
of  the  radius  from  the  center.  This  is  accomplished  by  giving 
to  m  a  value  obtained  by  solving  (108)  for  w=o.855.  We  thus 
obtain 

m  =  0.475  , 

i.  e.,  a  little  less  than  one-fourth  of  each  half  of  the  objective 
should  be  covered,  as  in  Fig.  12,  the  screens  W  W  being  placed 
so  as  to  shut  out  in  each  case  the  light  from  the  edge  which  is 
on  the  opposite  side  of  the  optical  axis  from  the  image  formed 
by  that  half. 

By  expressing  k  as  a  fractional   part  of  j3  we  can  determine 
the  general  relation  between  k  and  m  for  any  heliometer.     This 

has  been  done  for  values  of  ■„  varying  by  tenths  from  o  to  1 
and  by  0.2  from  1  to  2.     The  results  for  A„, ,    — ,  and  m  are  given 

A0 
in  Table  IV  and  plotted  in  Fig.  13. 

With  this  relation  it  is  easy  to  devise  a  mechanical  arrange- 

TAHLE  IV. 
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ment  which  will  automatically  move  the  screens  WW  oi  Fig.  1 2  by 
the  required  amount  when  the  two  halves  of  the  object-glass  are 
adjusted  to  bring  two  images  separated  by  the  angular  interval  k 
into  coincidence.  The  great  advantage  of  such  an  arrangement 
in  the  case  of  the  heliometer 
is  that  when  it  is  adopted 
the  eyepiece  may  be  moved 
in  or  out  at  will  to  suit  the 
convenience  and  personality 
of  the  observer  without 
thereby  introducing  any  dif- 
ferences or  errors  in  the  set- 
tings of  the  instrument  itself. 
The  only  drawback  is  that 
the  light  is  considerably  re- 
duced for  objects  having 
considerable  separation. 

In    this    case,  as    in    the 
preceding,  the  values  of  the 
angles  rx  and  r2,  which  ap- 
pear in  the  third  terms  of   (98)  and   (99),  are  determined  by 
the  relations 

(ti-t.)/=/(x)  , 


and  these  terms  reduce  to  the  form 

K/(a-a"')A/, 


(ill) 


in  which  all  the  quantities  are  known  or  may  be  measured,  and 
which,  like  the  first  terms  of  these  equations,  may  be  computed 
with  all  necessary  accuracy  when  we  know  At  for  ordinary  object- 
glasses  to  within  about  30.  Temperatures  of  the  object-glass 
and  telescope-tube  may  be  easily  observed  with  this  degree  of 
accuracy,  but  we  may  by  the  special  optical  construction  already 
mentioned  on  page  19  eliminate  this  term  entirely  by  making 
a-a'"=o. 

B  (3).  It  would  be  impossible  and,  in  fact,  quite  unnecessary 
to  enter  here  upon  a  general  discussion  of  the  methods  of  optical 
measurement  best  suited  to  individual  cases.     We  shall  endeavor 
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to  point  out  only  some  general  principles  of  working  which  the 
previous  investigations  have  shown  that  it  is  necessary  to  regard 
if  we  aim  at  the  highest  attainable  degree  of  accuracy  in  our 
work,  and  to  investigate  in  this  connection  one  or  two  individual 
sources  of  error  in  the  use  of  particular  instruments  which  seem 
either  to  have  escaped  previous  attention,  or  at  least  to  have 
been  considered  less  carefully  than  their  importance  demands. 

In  general,  the  causes  will  produce  the  maximum  effects  in 
the  optical  distortion  and  displacement  of  images,  and  the  ones 
therefore  which  we  must  most  carefully  guard  against  are  those 
dealt  with  in  sections  A  (2),  A  (3),  B  (1),  and  B  (2). 

In  order  to  eliminate,  or  minimize  as  far  as  possible,  the 
effects  of  asymmetrical,  spherical,  or  chromatic  aberration,  A  (2) 
and  A  (3),  we  must  employ  instruments  and  methods  of  work 
planned  with  special  reference  to  avoiding  the  following  sources 
of  error:  (1)  the  use  of  too  large  fields  or  of  too  great  angles 
of  incidence,  particularly  when  using  short  focus  mirrors  or 
gratings  at  the  principal  focus  ;  (2)  the  use  of  methods  of  com- 
parison or  of  forms  of  instruments  and  of  optical  construction 
which  necessitates  that  the  different  images  whose  relative 
positions  are  to  be  measured  are  formed  by  different  portions  of 
the  surfaces  of  the  optical  train;  (3)  variations  in  temperature 
conditions  during  the  interval  of  measurement  or  of  record  ; 
(4)  the  effect  of  small  chromatic  dispersions,  particularly  when 
the  spectral  curve  of  radiation  is  different  for  the  different 
sources;  (5)  the  effect  of  varying  chromatic  absorption  and 
unsymmetrical  broadening  of  the  spectral  lines  when  the  chro- 
matic dispersion  is  large. 

In  the  case  of  errors  of  Class  B  we  must  especially  guard 
against  (6)  the  use  of  too  small  resolving  powers,  and  (7)  the 
continued  effect  of  temperature  variations  and  asymmetrical 
illuminations. 

Of  these  various  effects  those  which  have  heretofore  received 
most  attention  are  (3)  and  (7).  Temperature  variations  are. 
indeed,  our  greatest  source  of  trouble  and  error  in  the  great 
majority  of  physical  measurements  of  all  kinds.  It  appears, 
however,   from    the   results  of  the    investigations  on   this    point 
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(pp.  292-4),  that  these  effects  are  of  even  larger  order  of  magni- 
tude than  is  ordinarily  assumed,  and  that  in  spectroscopic  work 
particularly  we  must  guard  against  them  with  the  greatest  care. 
As  was  pointed  out  on  pp.  278,  279  and  292-4,  the  best  method 
of  eliminating  residual  effects,  after  reducing  the  temperature 
variations  to  the  smallest  possible  range,  is  to  measure  the  sepa- 
ration of  the  images  and  determine  the  so-called  constants  of 
the  instrument,  i.  e.t  focal  length,  pitch  of  measuring  screw  or 
scale,  etc.,  simultaneously  with  each  observation,  instead  of 
relying  on  values  determined  once  for  all  at  considerable  inter- 
vals, as  is  usually  done. 

This  method  of  simultaneous  record  is  carried  out  most  com- 
pletely at  present  in  determining  star  places  by  the  chart  photo- 
graphs of  the  Astrophotographic  Survey,  in  which  the  constants 
of  reduction  for  each  plate  are  determined  from  the  photo- 
graphic record  on  the  plate  itself.  The  next  best  example  is 
that  of  the  spectrographic  method  of  determining  absolute  wave- 
lengths and  motions  in  the  line  of  sight  by  the  use  of  compari- 
son spectra.  The  only  criticism  to  the  present  practice  of  the 
method  in  the  latter  case  is  that  the  record  of  the  comparison 
spectrum  and  of  the  spectrum  to  be  measured  is  not  simul- 
taneous, and  in  the  case  of  star  spectra,  in  which  an  interval  of 
sometimes  two  hours  intervenes  between  the  records,  the  resid- 
ual errors  of  intermediate  temperature  variations,  small  though 
they  may  be,  are  in  certain  cases  quite  sensible.  It  would  be 
much  better,  as  already  pointed  out,  if  the  exposure  on  the 
comparison  spectra  were  made  continuously  instead  of  inter- 
mittently at  the  beginning  and  end  of  the  exposure,  and  this 
could  be  arranged  without  any  great  difficulty. 

It  must  be  farther  noted,  however,  that  this  method  of  simul- 
taneous record  and  individual  reduction  of  each  set  of  measures, 
although  it  may  eliminate  almost  completely  the  effect  of  small 
temperature  variations,  will  not  eliminate  the  effects  of  (1),  of 
(2*),  of  (4),  of  (5),  nor  of  the  latter  part  of  (7),  unless,  indeed, 
the  conditions  of  observation  are  precisely  the  same  in  all  of 
these  respects  for  both  the  objects  upon  which  the  direct  measure- 
ments are  made  and  the  objects  upon  which  the  comparison  meas- 
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urements  for  the  "  constants  "  of  reduction  are  executed.  It  is 
physically  impossible  always  to  fulfill  this  requirement  in  the  case 
of  (4)  and  (5),  and  frequently  very  difficult  in  the  case  of  (1),  (2), 
and  (6)  because  of  the  different  parts  of  the  field  in  which  the  two 
sets  of  images  (direct  and  comparison)  are  situated,  or  because 
of  necessary  limitations  in  the  size  and  power  of  the  observing 
instrument. 

For  these  reasons  it  is  unsafe,  if  we  aim  at  the  highest 
degree  of  accuracy  in  optical  measurements,  to  neglect  the 
causes  of  optical  displacement  considered  above,  or  to  assume 
beforehand  that  their  effects  are  vanishingly  small.  In  this 
connection  it  is  necessary  to  insist  again  on  the  point  already 
made,  that  the  ordinary  tests  and  standards  of  optical  definition 
are  not  sufficiently  rigorous  to  serve  as  criteria  in  determining 
questions  relating  to  the  limiting  accuracy  of  measurement. 
Nor  are  we  safe  in  considering  our  results  free  from  constant 
errors  which  may  arise  from  instrumental  causes,  simply  because 
they  agree  consistently  among  themselves,  or  are  checked  by 
occasional  measurements  of  known  quantities.  Our  only  safe 
way  of  procedure  would  seem  to  be  to  .investigate  in  each  indi- 
vidual case,  as  we  have  already  done  in  the  general  one,  the 
ynaximum  individual  effects  produced  by  possible  disturbances  of 
theoretical  conditions,  and  either  to  reduce  each  of  these  maxi- 
mum individual  effects  (unless  there  may  be  two  or  more  which 
arc  always  necessarily  compensatory)  to  a  quantity  less  than  e, 
the  limiting  metrological  power;  or  to  determine  the  magnitude 
of  each  effect  to  the  same  degree  of  exactness,  in  order  that  it 
may  be  taken  care  of  as  a  known  correction.  In  such  individual 
cases  there  may  exist  possible  causes  of  disturbance  of  a  special 
character  not  included  in  the  general  classes  of  errors  already 
discussed.  As  stated  at  the  beginning  of  this  section,  it  is 
unnecessary  and  undesirable  to  take  up  in  detail  a  complete 
discussion  of  any  number  of  such  cases. 

There  is,  however,  one  individual  case  in  which  an  error  of 
measurement  due  to  a  cause  not  yet  considered  is  very  likely  to 
be  introduced,  and  which  on  account  of  its  importance  in  one  of 
the    leading   fields  of  astrophysical   research  we  will  consider  at 
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length.  This  is  the  case  of  the  slit  spectroscope  or  spectrograph 
as  used  for  determinations  of  velocity  of  motions  in  the  line  of 
sight,  or  more  generally  of  absolute  wave-lengths.  Here,  in 
order  either  to  secure  greater  intensity  of  spectrum,  or  to 
localize  determinations  with  reference  to  different  parts  of  the 
sources  under  examination,  images  of  both  the  latter  and  of  the 
comparison  sources  are  first  formed  on  the  slit  of  the  instru- 
ment, and  we  measure  the  relative  positions,  not  of  the  spectral 
images  of  the  sources  themselves,  as  they  would  be  formed  by 
an  objective  prism  or  grating,  but  the  relative  positions  of  the 
spectral  images  of  the  slit  as  illuminated  by  the  light  concen- 
trated upon  it  by  the  image-forming  objective.  The  distinction 
is  an  important  one,  for,  as  we  have  seen  in  the  case  of  A  (3), 
any  asymmetrical  distribution  in  intensity  in  the  source  of  radia- 
tion will  result  in  an  asymmetrical  distribution  in  intensity  in 
the  image,  and  a  consequent  displacement  of  its  center  of 
maximum  brightness.  Hence  if  the  slit  is  not  uniformly  illumi- 
nated across  its  entire  width,  its  spectral  image  corresponding 
to  any  particular  wavelength  in  the  light  falling  upon  it  will  be 
displaced  from  the  position  it  would  occupy  under  conditions  of 
uniform  illumination,  no  matter  what  the  conditions  in  the  source 
itself  may  be.  The  asymmetrical  illumination  of  the  slit  may 
arise  from  (1)  asymmetrical  distribution  of  intensity  in  the 
image  of  the  source  itself  on  the  slit,  due  either  to  a  real  asym- 
metry of  radiation  or  to  asymmetrical  distortion  or  aberration 
of  the  image-forming  objective  ;  (2)  displacements  of  the  center 
of  symmetry  of  the  image  with  reference  to  the  center  of  the 
slit.  As  the  effect  on  the  measurements  will  be  the  same  in 
both  cases  we  may  consider  them  jointly.' 

The  general  expression  for  the  distribution  in  intensity  in  the 

'This  effect  is  entirely  different  in  nature  from  that  produced  by  lack  of  uniform 
illumination  of  the  collimator  objective,  which  has  already  been  considered  in  B  (2). 
So  far  as  I  have  been  able  to  ascertain,  the  effect  of  asymmetrical  illumination  of  the 
slit  itself  it  had  escaped  attention  previous  to  the  time  when  the  preliminary  results  of 
this  paper  were  informally  announced  at  the  Astrophysical  Conference  at  the  Yerkes 
Observatory  in  1897.  It  was  then  expected  that  these  results  would  be  at  once  inves- 
tigated in  detail  by  others  more  directly  interested  than  the  writer  in  line  of  sight 
work,  but  their  bearing  on  this  line  of  research  seems  to  have  been  overlooked  or  not 
fully  realized  by  those  present  at  that  time. 
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spectral  image  of  a  slit  uniformly  illuminated  across  its  entire 
width  by  radiation  from  any  individual  spectral  line  has  already 
been  given  [equation  (52)],  and  this  expression  has  been  evalu- 
ated for  a  number  of  special  cases.1  If  the  illumination  across 
the  width  a  is  not  uniform,  we  must  add  another  factor,  /(f),  to 
express  this  variation  in  intensity,  which  gives  us  in  (52) 

i,„=a"§ jf(e)+,\t-t,**\dt .  (112) 

2 

As  in  the  consideration  of  a  uniformly  illuminated  slit,  we 
will  first  examine  the  case  in  which  the  light  on  the  slit  is  abso- 
lutely monochromatic  and  the  spectroscope  itself  is  free  from 
aberration.  Then  at  the  focal  plane  of  the  instrument  the  func- 
tion yjrx  becomes  simply 


ira 

sin2  — 


(=y ' 


and  we  have  for  I,,, 


sin* --(a-*) 

f,„=A"/         /(£) ^ d*  ,  (113) 

-(— f) 


which  is  the  same  form  as  that  expressing  the  distribution  in 
intensity  in  the  image  of  an  individual  spectral  line  [equation 
(51  )],  for  an  infinitely  narrow  slit. 

It  is  evident  that  (113)  like  (51)  will  be  symmetrical  or 
asymmetrical  according  to  the  form  of  the  function /(f).  We 
will  examine  a  few  cases  of  particular  interest  in  detail. 

First,  suppose 

f(t)  =  A  +  Bt  .  (114) 

This  represents  a  uniformly  progressive  increase  in  the  intensity 
of  illumination  across  the  entire  width  of  the  slit,  such  as  is 
graphically  illustrated  in  Fig.  14.  Taking  the  origin  of  co-ordi- 
nates   at  the  point    corresponding  to    the  geometrical  image  of 

1  Loc.  cit. 
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one  edge  of  the  slit  (instead  of  the  center  as  before),  the  integral 
(113)  becomes 


(us) 


-£,0 


-z^ 


-1,0 


♦  fi,0 


Fig.  14. 


Fig.  15. 


I  have  evaluated  this  integral  by  mechanical  quadrature  for 

and  <r  =  a0  (/.  e.,    the    case    in 


the  special  case  A  =  -,  B  = 


2  2ac 

which  the  angular  width  of  the  slit  is  equal  to  the  resolving 
power  of  the  view  telescope),  and  the  intensity  of  illumination 
at  one  edge,  f  =  0,  is  one-half  that  at  the  other,  I*  =  aQ=^a. 
The  results  to  three  places  of  decimals  are  tabulated  in  terms 

of  fractional  parts  of  —  in  Table  V  and  plotted  in   Fig.  15.     In 

both  the  table  and  the  figure  the  origin  of  co-ordinates  has  been 
shifted  back  to  the  center  of  the  geometrical  image. 

An  examination  of  these  results  shows  that  the  position  of 
maximum  brightness  in  the  spectral  image  of  the  slit  is  displaced 
in  this  case  about  0.08  aQ  from  the  center  of  the  geometrical 
image.  This  is  just  a  little  more  than  the  limiting  accuracy  e  of 
the  instrument,  i.  e.,a  uniform  variation  of  50  per  cent,  in  inten- 
sity of  illumination  from  edge  to  edge  of  the  slit  will  displace 
the  center  of  the  physical  spectral  image  by  an  amount  some- 
what exceeding  the  limiting  accuracy  of  measurement. 
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a 

a0 

/•=/(*) 

a 

/■=/(£) 

a 

/=/(*) 

-2.45 

O.OII 

-0.75 

0.235 

+0.95 

0.148 

-2.35 

.011 

-.65 

.317 

+  1.05 

.090 

-2.25 

.012 

-•55 

.429 

+  I-I5 

•  054 

-2.15 

.014 

-•45 

•552 

+  1.25 

.036 

—  2.05 

.015 

-•35 

.672 

+  1-35 

.030 

-1.95 

.018 

-•25 

.798 

+  1-45 

.030 

-..85 

.020 

-15 

.898 

+  1.55 

.032 

-1.75 

■023 

-.05 

.968 

+  1.65 

.033 

-1.65 

.026 

+  •05 

1 .000 

+  I-75 

.031 

-1.55 

.028 

+  .15 

0.987 

+  1-85 

.027 

-1.45 

.030 

+  .25 

•933 

+  1-95 

.022 

-i-35 

.032 

+  -35 

.844 

+2.05 

.017 

-r.25 

.038 

+  .45 

•727 

+2.15 

.013 

-1   15 

.048 

+  .55 

•595 

+2.25 

.011 

-1.05 

.068 

+  .65 

.462 

+2.35 

.010 

-0.95 

.  102 

+  .75 

•337 

+2.45 

.010 

-0.85 

■153 

+  .85 

.231 



Second,  suppose 

/(t)=C\'i.  (116) 

This    represents    a    progressively    increasing  illumination    from 
edge  to  edge  as  graphically  illustrated  in  Fig.  16. 

With  the  origin  of  co-ordinates  at  one  edge  of  the  slit  as 
before,  the  integral  (113)  reduces  to  the  form 


(117) 


This  integral  has  been  evaluated  for  a  slit  width  a  =  ao  as  before 
for  the  special  case   C  =  1  .     The     results    are   tabulated   and 


plotted  in  terms  of  -  as    in    the    preceding    case    in    Table  VI 

and  Fig.  17. 

The  position  of  maximum  intensity,  o'  is,  in  this  case,  dis- 
placed about  0.l3ao  from  the  center  of  the  geometrical  image, 
/.  i\,  about  twice  the  limiting  error  of  measurement. 

Cases  in  which  the  illumination  of  the  slit  is  of  the  nature  of 
that  just  investigated  are  frequently  met  with  in  spectrometric 
work  on  the  Sun  and  planets  when  the  image  of  these  bodies    is 
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placed  eccentrically  on  the  slit  or  when  particular  portions  of 
the  surface,  such  as  the  Sun-spots  or  solar  prominences,  are 
under  examination.  In  the  latter  case  the  illumination  is  likely 
to  be  of  the  nature  of  that  assumed  in  (114)  and  (115),  and  the 
effect  of  the  variation  in  intensity  of  the  image  on  the  measured 


Fig.  16 


wave-lengths  of  the  spectral  lines  can  be  disregarded,  as  we  have 
seen,  only  when  said  variation  is  less  than  50  per  cent. 

In  the  case  of  measurements  of  the  velocity  of  rotation  the 
slit  is  generally  placed  tangentially  to  the  limb  of  the  Sun  or 
planet,  and  the  conditions  of  illumination  are  then  more  gener- 


TABLE  VI. 


a 
a  , 

/.  . 

/'=/(?)' 

a 

/.,. 

/=/(y)x 

—  I  .0 

0.062 

O.II 

+0.00 

0.969 

1 .00 

—  0.9 

.090 

+0.1 

I  .000 

—  O.8 

.136 

0.24 

+0.2 

0.985 

0.92 

—  O.7 

.204 

+0-3 

.925 

—  0.6 

.295 

0.45 

+O.4 

.827 

0.71 

-0.5 

.406 

+0-5 

.702 

—  0.4 

•533 

0.71 

+0.6 

.564 

o-45 

—  0.3 

.665 

+0-7 

.426 

—  0.2 

.784 

0.92 

+0.8 

.301 

0.24 

—  0. 1 

.896 

+0.9 

.198 

—0.0 

.969 

I  .00 

+  ..0 

.  120 

O.II 

1  For  the  purpose  of  comparison  the  values  of  1',  which  expresses  the  distribution 
in  intensity  in  the  image  of  a  slit  of  the  same  width  uniformly  illuminated,  are  given 
in  columns  3  and  6.  See  Phil.  Mag.  43,  323,  Table  I;  Astrophysical  Journal, 
3*333  etseq.    The  curve  I'  =/(7)is  plotted  in  dotted  lines  in  both  Fig.  15  and  Kiv?.  17. 
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ally  such  as  are  represented  by  the  distribution  assumed  in  (i  16J 
and  (117).  For  in  the  case  of  the  Sun  the  variation  in  the 
intensity  of  radiation  from  the  center  to  the  edge  is  of  the  nature 
shown  by  the  curves  of  Fig.  I  of  the  preceding  paper  of  this 
series,1  and  may  be  represented  by  the  general  expression 

/=*(f  +  ^.  (nS) 

The  effective  intensity  /(f)  at  any  point  on  the  axis  77=0  will  be 
found  for  this  case  by  integrating  the  expression 

/{£)  =  /  *(€■  +rf)'r-^--^dn  .         (119) 

At  the  edge  of  the  Sun  the  value  of  77  increases  very  rapidly 
with  respect  to  f,  and  for  large  values  of  77  the  integral 


/ 


n 
sin\v 


dx 


rapidly  approaches  a  constant  value.  Hence  for  the  purposes  of 
the  present  general  investigation  in  which  we  are  concerned 
more  with  the  form  of  /(£)  than  with  its  absolute  value,  we  may- 
neglect  the  second  factor  of  the  term  under  the  integral  sign 
of  (119)  and  simply  write 

4>  (p  +  rf)  fy  .  (120) 

This  integral  was  evaluated  by  the  writer  several  years  ago  (in 
connection  with  another  research  by  Professor  Michelson),  for 
the  particular  value  of  <f>  (f 2—  /;2)  corresponding  to  wave-length 
X  ==  5790  tenth-meters,  as  given  in  Vogel's  tables.  The  results 
were  published  in  the  form  of  a  curve  (Fig.  5)  in  Michclson's 
paper  in  the  Philosophical  Magazine?       An   examination   of   this 

1  F.  W.  Vkry,  "The  Absorptive  Power  of  the  Solar  Atmosphere."  A/isc.  Sri. 
Papers,  Allegheny  Observatory,  No.  9;  As'i  rophysical  Journal,  16,  73.  See  also 
\\k;f;l,  "  Spectralphotomctrische  Untersuchungen,"  Monal.  d.  K.  Akad.  d.  IViss., 
l'erlin,  March  1S77  ;  pp.  2},  24,  Plate  11. 

'"Application  of  Interference  Methods  to  Astronomical  Measurements,"  30,  I. 
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curve  will  show  that  for  small  values  of  f  the  function /(f)  can 
be  very  closely  represented  by  the  parabola 

which  is  the  form  of  function  used  in  (i  16)  and  (117)  already 
examined. 

The  effect  of  this  inequality  of  illumination  is,  as  we  have 
already  seen,  to  displace  the  spectral  image  of  any  line  by  an 
amount  considerably  in  excess  of  the  limiting  accuracy  of 
measurement.  The  exact  amount  of  the  displacement  will 
depend  {a)  on  the  width  of  the  slit  in  comparison  with  the 
diameter  of  the  solar  image,  (b)  on  the  position  in  which  the 
latter  is  placed  with  reference  to  the  slit  opening.  In  the  case 
already  investigated  in  (117)  we  have  assumed  that  the  photo- 
spheric  edge  of  the  solar  image  is  placed  tangent  to  the  outer 
edge  of  the  slit  so  that  when  f  =  0,  /(f)  is  also  zero.1  If  the 
image  overlaps  the  slit,  the  conditions  approximate  more  nearly 
those  assumed  in  (114)  and  (115)  and  the  displacement  is  less; 
if  the  edge  of  the  image  is  within  the  slit,  the  displacement  is 
even  greater.  Thus  when  the  edge  is  coincident  with  the  center 
of  the  slit,  the  position  in  which  it  is  generally  placed  for  veloc- 
ity of  rotation  measurements,  the  displacement  of  the  central 
point  of  intensity  from  the  geometrical  center  will  be  nearly  0.6 
of  the  half  width  of  the  slit,  i.  e.y  about  0.3  a,  or  four  times  the 
limiting  accuracy  €. 

The  direction  of  the  displacement  in  the  spectrum  will  depend 
on  the  position  of  the  solar  image  with  reference  to  the  direction 
of  deviation  of  light  by  the  spectroscope  train.  If  the  edge 
of  the  image  is  on  that  side  of  the  slit  corresponding  to  the 
red  end  of  the  spectrum,  the  displacement  will  be  toward  the 
violet,  and  the  wave-length  derived  from  the  measurement  will 
be  too  small;  if  turned  in  the  opposite  direction  the  wave-length 
will  be  correspondingly  too  large.  The  sign  of  the  displacement 
will,  therefore,  change   not   only  as  we  shift   the  solar  image  so 

'This  of  course  is  only  an  approximation  to  the  actual  conditions  at  the  edge  of 
the  Sun.  There  is,  however,  such  a  sharp  demarcation  in  intensity  of  total  radiation 
between  the  photosphere  and  the  chromosphere  and  outlying  corona  that  the  approxi- 
mation is  in  most  cases  not  far  from  the  truth. 
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that  first  one  edge  and  then  the  other  falls  on  the  slit ;  but  also  as  we 
reverse  the  direction  of  deviation  of  the  spectroscope  train,  "right" 
or  "left,"  leaving  the  position  of  the  solar  image  unchanged.  If 
we  therefore  attempt  to  determine  the  velocity  of  rotation  of  a 
body  by  the  direct  measurement  of  the  separation  of  the  spectra 
from  the  opposite  edges  of  the  slit  image,  the  total  error  in  any 
one  position  of  the  spectroscope  will  be  twice  the  error  of  dis- 
placement noted  above.  If  we  then  take  a  corresponding  series 
of  measurements  with  the  direction  of  dispersion  reversed,  the 
errors  of  displacement  will  be  of  the  same  magnitude  as  before, 
but  reversed  in  sign;  hence  the  total  difference  in  measurement 
will  be  four  times  the  individual  displacement  in  any  one  posi- 
tion of  image  and  spectroscope. 

Errors  of  such  magnitude  as  these  cannot,  of  course,  be 
disregarded,  even  though  they  may  be  eliminated  by  the  exact 
reversal  of  the  relative  positions  of  image  and  spectroscope.  I 
have,  however,  failed  to  find  any  reference  to  this  particular 
source  of  error  in  the  papers  of  the  investigators  who  have  given 
us  our  best  spectroscopic  determinations  of  velocity  of  solar 
rotation.  Crew,  indeed,  in  his  second  investigation1  notes  that 
the  results  of  his  measurements  differ  with  grating  "right"  and 
grating  "left,"  but  he  ascribes  this  difference  to  an  entirely 
different  cause,  i.  e.,  the  local  heating  of  the  slit  jaws.  This 
will  undoubtedly  produce  an  effect  unless  the  greater  part  of  the 
solar  image  is  cut  off  by  a  suitable  screen  interposed  in  front  of 
the  slit,  but  even  when  this  is  not  done  the  total  displacement  of 
the  slit  jaws  due  to  this  cause  can  hardly,  in  the  opinion  of  the 
writer,  be  as  great  as  it  is  necessary  to  assume  to  explain  the 
observed  differences  of  measurement.  To  do  this  it  is  neces- 
sary, as  Crew  has  shown,  to  assume  a  change  of  temperature  of 
about  15°  C.2  of  each  jaw  between  each  measurement,  in  an 
interval  of  only  about  one  minute,  and  to  assume,  further,  that  the 
expansion  due  to  this  change   in   temperature  is  all   toward  the 

1 "  On  the  Period  of  Rotation  of  the  Sun,"  Am.  Jour.  Sci.,  38,  204. 

-The  asMimption  of  a  difference  of  10  C,  made  in  Crew's  paper,  p.  210 f 
explains  only  about  two-thirds  of  the  observed  differences  of  equatorial  velocities 
with  grating  "right  "  and  grating  "left." 
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slit  opening.  Crew  observed  actual  differences  of  temperature 
of  io°  between  two  thermometers  placed  on  the  two  sides,  but 
the  change  in  the  slit  jaws  themselves  would  be  probably  much 
less  on  account  of  their  own  mass  and  the  masses  of  surround- 
ing and  attached  metal.  Likewise,  the  jaws  when  heated,  would, 
if  of  the  usual  double-motion  construction,  expand  in  both 
directions.  Lastly,  if  the  change  of  temperature  explanation 
were  the  correct  one,  there  would  be  a  continual  and  progressive 
shift  of  the  spectral  image  during  the  entire  interval  of  meas- 
urement, and  this  effect  would  not  have  been  likely  to  escape 
the  attention  of  so  careful  and  accurate  an  experimentalist  as 
Professor  Crew. 

On  the  other  hand,  if  the  width  of  the  slit  and  the  setting  of 
the  edge  of  the  solar  image  corresponded  to  the  conditions 
assumed  in  the  previous  integration  of  (117)  the  resulting 
displacement  of  the  spectral  images  "right"  and  "left"  would 
fully  explain  and  account  for  the  observed  differences  of  meas- 
urement. For,  as  we  have  shown,  the  total  difference  of  meas- 
urement to  be  expected  is  four  times  the  individual  displacement 
of  any  one  image,  and  this  latter  is  0.i3ao  for  the  conditions 
assumed.  In  this  instrument  the  aperture  and  the  focal  length 
of  the  view  telescope  are  4  inches  and  94  inches  respectively. 
Hence  for  the  D  lines  the  linear  value  of  a0  is 

,     0.0005896 

a0/= —  X  4  =  0.014  mm  • 

94 

Hence     the    total     difference  =  4x0.1 3a0=o. 5 2a0    is    in    linear 

measure 

0.014  mm  X  0.52  -  0.0073  mm  . 

The  total  observed  difference  in  measurement  amounted  to  about 
0.015  revolutions  of  the  micrometer  screw,  or,  since  the  latter  is 
of  0.5  mm  pitch,  to 

0.0075  mm  , 

or  almost  exactly  the  quantity  required  by  theory.  When, 
therefore,  the  cause  of  displacement  investigated  above  is  taken 
into  account  in  Crew's  measurements,  there  is  no  discrepancy 
remaining  to  be  explained. 
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The  results  already  obtained  indicate  the  care  which  it  is 
necessary  to  take  in  determining  the  exact  distribution  of  light 
in  the  slit  image  when  the  latter  is  necessarily  variable,  as  in  the 
preceding  case.  If  this  cannot  be  determined,  the  only  way  to 
avoid  sensible  errors  in  the  wave-length  measurements  is  to 
secure  and  maintain  an  exact  centering  of  the  image  on  the  slit, 
so  that  the  distribution  of  light  over  the  slit  opening  is  symmet- 
rical about  a  center  line.  A  case  of  great  importance  in  this 
connection  is  that  of  determinations  of  wave-length  in  stellar 
spectra  for  the  purpose  of  measuring  motions  in  the  line  of 
sight,  etc.,  with  the  compound  slit  spectroscope.  The  image  of 
the  star,  as  formed  on  the  slit  by  the  main  telescope  objective, 
is,  if  the  latter  is  free  from  unsymmetrical  aberration,  asymmet- 
rical diffraction  pattern.  If  the  slit  is  placed  in  the  focal  plane 
of  the  main  objective,  the  theoretical  distribution  of  light  in 
this  image  is,  for  any  given  wave-length,  represented  by  the 
usual  expression  (4),  /.  i\, 

(?) 

In  long  photographic  exposures,  the  actual  effective  distribu- 
tion of  light  in  the  slit  image  is  somewhat  different  from  this, 
owing  to  atmospheric  and  instrumental  disturbances  which 
broaden  the  image  into  what  Newall  has  very  aptly  termed  a 
"tremor  disk."  The  determination  of  the  exact  distribution  of 
light  in  such  a  disk  is  a  matter  of  considerable  uncertainty,  since 
the  broadening  results  not  only  from  vibrations  of  the  image, 
but  also  from  temporary  changes  of  focus  and  of  chromatic 
dispersion  and  aberration  due  to  passing  air-waves  of  variable 
intensity.  Under  good  conditions  of  "seeing,"  however,  the 
principal  cause  of  the  broadening  may  be  regarded  as  due 
to  vibrations,  and  under  such  conditions  we  may  derive  an 
expression  which  will  represent  at  least  a  closely  approximate 
distribution  of  light  in  the  tremor  disk,  from  the  law  of  proba- 
bility. 

The  general  expression  which  represents  the  probable  law  of 
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distribution  of  errors,  or,  in  this  case,  of  displacements  from  a 
central  position,  is 

y  =  e-*f  (121) 

and  the    most    probable    error  (*.  e.,  displacement)    is  that  for 
which  ^  =  0.5  and  is  given  by  the  relation 

In  the  present  case  it  seems  a  fair  assumption  to  consider 
that  the  most  probable  displacement  of  the  image  will  be  about 
>2  «o,  i.  *-,  half  the  resolving  power  of  the  main  telescope  objec- 
tive.    This  assumption  gives  us  for  h 

u_  Q-9538  ,       , 

h  —  — —    '  (I23) 

which  substituted  in  (121)  gives  us  for  y 

The  resulting  distribution  in   intensity  in  the  tremor  disk   will 
then  be  represented  by  the  integral 

c-°^i-r^~di=m  ,  (125) 

GO 

or  if  we  assume  a  rectangular  aperture  as  before,  by 

IT    . 

£»  sma  —  £ 


I,  =  f      *--"a"-^-«=/(0  .  («>6) 


and  the  resulting  distribution  in  the  spectral  image  of  the  slit  of 
width  <r0  will  be 

x*+'i      sin2 -(a  —  f) 

**,..  =  I       VrZ± =r.*-  (I27) 


In   the    integration  of   (126)   and    (127)  it  is  convenient   to 
express  aQ   in  terms  of  <r0f  the  width   of  the  spectroscope   slit. 
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The  usual  practice  is  to  make  this  width  equal  to  2  aj  so  as  to 
just  include  the  central  diffraction  disk  of  the  undisturbed  star 
image.  Substituting  this  value  of  <r0  in  the  above  equations  we 
obtain 

21T 


£2sina  —  £ 

e        a° —  d£  . 


m 


(128) 


This  has  been  integrated  by  mechanical  quadrature  as  before. 
The  results  are  tabulated  in  Table  VIII   and  plotted  in  Fig.  18. 


TABLE  VIII. 


a 
a 

'/ 

,-J't* 

i;-*-A'f 

±0.00 

I  .O00 

l  .000 

0.000 

±0.  10 

0.972 

0.973 

—  .001 

±0.20 

.888 

.892 

—  .004 

±0.30 

771 

•773 

—  .002 

±0.40 

.632 

.633 

—  .001 

±0.50 

.490 

•  490 

±  .000 

±0.60 

.361 

•358 

+  .003 

±0.70 

.254 

.247 

+  .007 

±0.80 

.171 

.161 

+  .010 

±0.Q0 

.111 

•099 

+  .012 

±  I  .00 

.069 

•  057 

+  .012 

The   full   curve,  Ih  closely  resembles  the  exponential  curve 
We    have   therefore    substituted     for    (128)    a    second 


<r-A-t* 


empirical  curve  of  this  form   having  such  a  value  of  A'  that  the 


two  curves  coincide  at   the  point  x  =  aQ 
for  A' 

A'  =  2.854  , 
and  for/'  (£) 

-2.854*7" 


cr0.     This  gives  us 


(129) 


The  values  of/'  (£)  from  (129)  are  tabulated  in  the  third 
column  of  Table  VIII  and  plotted  as  the  dotted  curve  in  Fig. 
iS.  Over  all  that  part  of  the  tremor  disk  which  is  likely  to  fall 
within  the  slit  opening,  /.  <\,  from  £  — o  to  £  — -  ±1  2c0)  the  coin- 

1  This  is  twice  as  large  as  the  value  of  a  assumed  in  the  previous  cases.     Com- 
pare Figs.  14,  10,  and  iS. 
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cidence  between  the  two  curves,  //  and  /'(£),  as  given  by 
(129),  is  closer  than  the  uncertainty  as  to  the  exact  form  of 
//  itself. 

Assuming  that  the  effective  size  of  the  tremor  disk  is  defined 
by  the  limits  mm  such  that  /£  =  0.04/0%  we  have  under  the  con- 
ditions assumed  above 

m  m=  W^  4.5a0=2.25»z0  mQ  ;  (130) 


Fig.  18. 

1.  e.,  the  tremor  disk  is  about  two  and  one-quarter  times  the  size 
of  the  true  central  diffraction  disk  of  the  star.  When  the  tremor 
disk  is  centered  on  the  slit  opening,  the  percentage  of  the  total 
quantity  of  light  in  the  image  which  enters  the  slit  is  of  course 
given  by  the  expression 


/-J-\ 


+:»   -3.854* 
e 


d£^L  0.76 


(13O 


J.  e„  the  time  of  exposure  is  increased  about  one-third  by  the 
effect  of  atmospheric  and  instrumental  vibrations  of  the  previ- 
ously assumed  probable  magnitude  of  -aQ  . 

This  result  agrees  fairly  well  with  the  actual  exposure  times 
which  Campbell  finds  necessary  in  obtaining  well  defined  spectra 
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with  the  Mills  slit  spectroscope  as  compared  with  those  required 
on  the  same  stars  with  the  Harvard  objective  prism  spectrograph, 
when  we  allow  for  the  difference  in  the  resolving  power  and 
light  efficiency  of  the  two  instruments.  It  is  lower  than  the 
estimate  given  by  Frost  in  his  description  of  the  Bruce  spectro- 
graph, but  for  some  reason  the  latter  is  somewhat  less  efficient 
in  regard  to  exposure  times  than  the  Mills  instrument.1 


+  3,0 


Fir,.   19. 

Substituting  the  value  of  /'(f)  given  by  (129)  in  (127),  and 
expressing  a0  in  terms  of  cr0  as  before,  we  obtain 


/;„  = 


-2.854 


§1  sin2     -(a 


■£) 


["<-*']' 


-di  . 


(132) 


If,  as  before,  we  take  the  origin  of  co-ordinates  at  the  point 
corresponding  to  the  geometrical  image  of  one  edge  of  the  slit 
and  consider  the  most  general  case  in  which  the  center  of  the 
tremor  disk  may  be  located  anywhere  within  the  slit  opening, 
we  have  as  before  for  f 

£■-=*'+*  +  Act    , 
2 

1  Compare  result  on  p.  20  of  Frost's  paper,  AsiRorn  ysical  Journal,  15,  with 
tho.se  given  by  Campbell,  Asi  roph  ysical  Journal,  8,  141. 
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where  A«r  is  the  amount  by  which  the  center  of  the  tremor  disk 
is  displaced  from  the  center  of  the  slit.     Substituting,  this  gives 

(*  ♦  \  +  Act)* 
/        •    -2.854 " 

P     = 


r°  ->■■ 

r-j. ' 


-a.854 — -- 


:[.-(t+;+A.)] 


.**  -     (*33) 


The  only  case  for  which  /*„,  (133),  is  symmetrical  is  that 
for  which  A«r  =  o.     The  center  of  intensity  is  then  at  the  point 

f  =-<rol  and  there  is  no  error  of  displacement. 

In  order  to  find  the  relation  between  the  error  of  centering, 
Ao\  and  the  resulting  displacement  Af  of  the  spectral  image,  I 
have  integrated  (133)  for  different  values  of  Act  from  Act  --  0.ico 
to  Ac  =  0.5<ro.  The  resulting  values  for  /,"„  are  given  in  Table 
IX  and  the  curves  for  A«r  =  o.3  <rQ  (full)  and  Aa  =  o.i  <r0  and 
0.5  aQ  (dotted)  are  plotted  in  Fig.  19. 

TABLE  IX. 


A«T 

a 

/,,.  for  Different  Values  of  -  ~- 

V 

A<r  =  0.1  <r 

A<r  =  0.2  <r              Act 

=  0.30- 

A<r  =  0.4  9 

A<r  s=  0.50* 

—  1. 00 

0 

018 

—  0.90 

021 

-    .80 

034 

-    .70 

058 

-    .60 

107 

-    .50 

191 

-    .40 

296 

-   -30 

422 

—   .20 

550 

—   .10 

678 

-   .05 

O.948 

742 

±   .00 

•977 

O.909 

80} 

0.677 

0.545 

+  .05 

•995 

.948 

858                  .741 

.611 

+  .10 

1. 000 

•975 

903 

■  709 

.072 

4-  .15 

0.988 

986 

935 

.844 

.727 

-+-  .20 

•959 

■978                     [ 

946] 

.872 

.765 

+  -25 

.912 

.948 

934 

.877 

•783 

+   -30 

•893 

896 

•«55 

.776 

+  -35 

.817 

832          |          .S07 

.742 

+   -40 

.724 

746         1          .732 

.682 

+   .50 

532         1          .534 

.519 

4-  .60 

315      ! 

4-  .70 

150     1 

+  .80 

061      i 

+  -90 

024 

+1.00 

016 
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The  positions  £0  of  the  points  of  maximum  intensity  in  the 
curves  /,2„  are  found  to  be  as  follows : * 

For  Act  — o.io-0,  f0  ^  0.5950*0  A£  ^  0.0950-0  =  o.i9a0 

A<r  =  o.2<r0,  f0^o.655<r0  Af  ^  0.155^  =  0.3 ia0 

Acr  =  o.3cr0,  f0^o.7O0cr0  Af  ^  o.200rr0  =  o.40a0 

A<r  =  o.4o-0,  £0  ^  o.735<r0  A£  ^  0.2350^  =  0.47a,, 

Ao-  =  o.5<r0,  f0^o.765<r0  A£  ^  0.2650-,,  —  0.53^  . 

The  relation  between  Ac  and  A£  is  plotted  in  Fig.  20  (full 
curve).  As  will  be  seen  by  the  dotted  curve  it  can  be  repre- 
sented very  closely  by  the  empirical  equation 


*=M(t?)'-  <■*> 

In  measuring  the  apparent  position  of  the  displaced  diffrac- 
tion image  the  tendency  will  be,  as  before,  to  compromise 
between  the  point  of  maximum  intensity,  o\  and  the  point  mid- 
way between  the  apparent  edges,  ?n  mt  (defined  as  before) ,  of 
the  line.     The  resultant  setting,  r,  for  the  cross-wire  will  be  at  a 


2 
point  not  far  from  -  A£.     We  may  therefore  write 

2 
Amf  —  measured  displacement  ^  -  A£ 


-^(vT 


(135) 


In  order  that  the  displacement  shall  not   be  great  enough  to 
affect  the  accuracy  of  measurement  we  must  have  as  before 

or  in  this  case  from  ( 14)  and  (135) 

0.07^0.58^^— J  ,  (136) 

or  Ao-  __ 

—  <  .04  . 

07, 

i.  e.y  the  star  image  must  be  centered  on  the  slit  with  an  error 
not  exceeding  4  per  cent,  of  the  slit  width. 

This  is   a  condition  which   has  apparently  never   before  been 

'The  points  of  maximum  lie  between  the  numbers  in  heavy  type  in  the  table. 
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recognized  as  necessary  to  accuracy  in  the  use  of  the  slit  spec- 
troscope. Care  has  of  course  always  been  taken  to  keep  the 
star  image  as  nearly  central  as  possible  in  the  slit  opening,  but 
the  object  aimed  at  has  been  simply  to  utilize  the  greatest  amount 
of  light  and  shorten  the  time  of  exposure  as  much  as  possible. 
But  the  above  investigation 
shows  that  the  requirements 
of  accuracy  and  the  avoid- 
ance of  constant  errors  re- 
quire a  far  greater  degree 
of  care  in  centering  and 
following  than  is  usually 
deemed  necessary,  greater 
in  fact  than  many  of  the 
devices  now  used  for  follow- 
ing make  possible. 

This  question  is  one  of  such  great  importance  in  view  of  the 
minuteness  of  the  displacements  upon  which  determinations  of 
motions  in  the  line  of  sight  depend,  that  it  may  be  interesting  to 
calculate  the  error  in  kilometers  per  second  produced  by  an 
error  of  say  10  per  cent,  in  the  centering  of  the  star  image  on 

the  slit.    From  the  previous  results  we  find,  for  —  =0.10  , 

*m£  =  0-13*0  •  (137) 

Since  the  angular  resolving  power  a0  is  the  same  for  both 

collimator  and  view  telescope,  we  can  readily  establish  a  rela- 

1  dv  1  i-  r        1 

tion  between   aot^-=  the  dispersion  of  the  spectroscope  train, 

and  vs  the  motion  in  the  line  of  sight  of  the  body  under  exami- 
nation.     From  the  well-known  relations 


V,= 


/«. 


and 
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we  get  at  once 


vs- 


'TO 


\ 


and  for  the  value  of  Aw£  assumed  in  (137) 

0.13  V      0.13  V 


Svt- 


b 


dO 


d\ 

38000 


R 


km  per  sec.  , 


(■38) 


where  r  is  the  spectroscopic  resolving  power  of  the  prism  train. 
The  following  table  contains  the  approximate  resolving 
powers  of  the  more  important  instruments  that  have  been  used 
in  line  of  sight  work  and  the  corresponding  error  hv5  produced 
by  a  10  per  cent,  error  of  centering  of  the  star  disk  from  (138): 

TABLE  x. 


Name  of  Instrument 

Spectroscope  Train 

Approximate  r 
for  //y 

about 
40,000 

22,000 

fir', 
Kilometers 
per  Second 

Potsdam  II  (Vogel) 

f  2  Compound  Prisms 

1  Simple  Prism 
3       "        Prisms 

2  **            " 

about 

Pulkowa  (Belopolsky) 

Bruce  I  (Newall)1 .  . ". 

0.9 

I  .7 

Mills  (Campbell)2 

74,000                 0.5 
42.000              0.0 

McMillin  (Lord)' 

Potsdam  III  (Voijel)4 

3       "           "                I         63,000             0.6 

^           "                   *'                                      T  IO.OOO                     0.2 

Bruce   II    (Frost)* 

An  examination  of  this  table  shows  that  even  for  this  small 
error  in  centering  the  errors  in  the  resulting  determinations  of 
vs  are  sufficiently  large  to  account  for  a  large  part  of  the  differ- 
ences of  measured  velocities  between  seme  of  the  different 
observers.  When  we  remember  the  difficulty  of  keeping  a  faint 
star  accurately  centered  on  the  slit,  and  remember,  also,  that  any 
constant  asymmetry  of  the  tremor  disk  itself  due  to  peculiar 
instrumental  conditions  will  notably  increase  the  effect  of  a  given 
displacement  from  the  center,  we  can  readily  see  that  we  have 
here  what  may  be  a  constant  source  of  error  of  the  most  serious 
kind,  and  in  some  cases  of  even  greater  magnitude  than  indicated 
in  the  above  table.      If,  for  example,  the  error  of  centering  were 

1  As'i  rophysical  Journal,  3,  260.  3  Ibid.,  4,  50. 

2  Ibid.,  8,  123.  * /bid.,  11,  503.  s //„',/.,  i5j  i- 
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for  any  reason  constant  in  direction  with  reference  to  the  large 
telescope,  any  reversal  of  the  spectroscope  with  reference  to  the 
latter  would  introduce  differences  in  observed  positions  of  the 
lines,  and  hence  of  vs  of  twice  the  amount  indicated  in  Table  X. 
As  this  error  is  purely  one  of  manipulation,  we  cannot  in 
general  make  any  correction  or  allowance  for  it  after  the  photo- 
graphic record  has  been  taken.  The  utmost  care,  therefore, 
must  be  exercised  in  order  to  attain  the  accuracy  of  centering 
and  following  requisite  to  eliminate  it  completely,  as  indicated 
in  (136).  To  do  this  we  should,  as  far  as  possible,  fulfill  the 
following  general  conditions : 

1.  Have  a  sharp,  well-defined,  and  symmetrical  image  of  the 
star  formed  on  the  slit  of  the  spectrograph.  If  the  main  image- 
forming  objective  is  a  visual  refractor,  this  will  necessitate  in 
general  the  use  of  a  correcting  lens,  and  this  should  be  so 
designed  as  to  be  free  from  spherical  and  chromatic  aberration 
for  the  region  of  the  spectrum  under  examination,  and  so 
mounted  that  its  principal  optical  axis  coincides  with  that  of  the 
main  objective  and  the  axis  of  collimation  of  the  spectroscope 
itself.  The  light  from  the  other  portions  of  the  spectrum  should 
be  cut  out  from  the  following  eyepiece  by  use  of  suitable  screens 
or  screening  devices J  placed  between  the  slit  and  eyepiece.  On 
account  of  the  perfect  achromatism  of  the  reflecting  telescope 
this  form  of  objective  has  great  advantages  over  the  refractor  in 
this  connection;  another  reason  why  such  instruments  should  be 
given  the  preference  for  spectroscopic  work.2 

2.  The  guiding  device  should  use  as  a  reference  mark  for 
centering  the  star  image,  some  point  on  the  slit  itself,  in  order 

1  Such,  for  example,  as  the  optical  color  screen  described  by  the  writer  in  this 
Journal,  3,  169. 

"The  importance  and  value  of  the  reflecting  mirror  as  compared  with  the  refrac- 
tor in  spectroscopic  work  have  been  urged  upon  the  attention  of  astrophysicists  by 
the  writer  for  many  years.  See  Phil.  Mag.,  July  and  October,  1894  '»  A.  and  A.,  Decem- 
ber, 1894;  Astrophysical  Journal,  January,  1895  ;  ibid.,  March,  1895;  ibid.,  March, 
1896;  ibid.,  May,  1896;  ibid.,  October,  1896;  ibid.,  February,  1897;  ibid.,  February, 
1898;  Pop.Astron.,  February,  1898,  etc.  The  advantages  of  the  reflector  in  this  line 
of  work  are  now  being  more  generally  recognized,  and  a  number  of  large  instruments 
of  this  type  are  planned  or  in  actual  course  of  construction  by  our  large  astrophysical 
observatories. 
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to  avoid  any  errors  of  parallax  or  relative  displacement  of  the 
slit  and  guiding  cross-wires.  For  this  reason  I  believe  a  modifi- 
cation of  the  Huggins  reflecting  slit  and  following  device  is 
better  adapted  to  this  purpose  than  any  other  form  yet  invented. 
The  use  of  an  auxiliary  independent  guiding  telescope  such  as 
is  proposed  with  the  new  Potsdam  instrument  would  seem  to  be 
especially  dangerous. 

3.  If  the  required  accuracy  of  following  cannot  be  attained 
with  the  usual  slit  width  c0  — 2a0,  then  the  width  should  be 
reduced  and  the  time  of  exposure  correspondingly  increased,  or 
else  greater  spectroscopic  resolving  power  should  be  used.  The 
effect  of  decreased  slit  width  will  be  to  reduce  the  limits  of 
integration  in  (127)  and  (133),  and  correspondingly  reduce  the 
resultant  asymmetry  and  displacement  of  the  center  of  intensity 
of  the  spectral  image.  The  result  of  increasing  R  will  be  to 
decrease  the  value  of  Svs  in  (138)  for  a  given  value  of  Ac. 

In  this  connection  it  may  also  be  noted  that  "  bad  seeing," 
which  results  in  an  increase  in  size  of  the  tremor  disk,  will  reduce 

A(T 

the  effect  of  a  given  percentage  error  of  centering  —  by  flat- 

tening  the  curve  //  of  Fig  1 8,  and  thus  reducing  the  difference 
between  the  intensity  of  illumination  at  different  parts  of  the  slit 
image.  When  the  "seeing"  is  "bad,"  therefore,  the  slit  may  be 
opened  wider  without  increasing  the  effect  of  errors  of  following. 

B  (4).  It  was  the  intention  of  the  writer  to  take  up  also,  in 
connection  with  the  present  paper,  the  discussion  of  effects  of 
errors  of  mechanical  design  and  construction,  with  reference 
particularly  to  the  avoidance  of  flexure  and  strain  resulting  from 
changes  in  position  or  changes  of  temperature  of  the  instrument 
during  use.  The  present  discussion  has,  however,  so  far  exceeded 
the  limits  originally  set  that  it  seems  better  to  reserve  this  part 
of  the  subject  for  a  future  paper  in  which  the  description  of  the 
spectrographs  and  some  other  astrophysical  instruments  of  the 
new  Allegheny  Observatory  will  also  be  taken  up. 

Allegheny  Ohskrvatory,  1901-1902. 


ON  SCREENS  TRANSPARENT  ONLY  TO  ULTRA- 
VIOLET  LIGHT  AND  THEIR  USE  IN  SPECTRUM 
PHOTOGRAPHY. 

By  R.  W.  Wood. 

Anyone  who  has  repeated  Tyndall's  beautiful  lecture  experi- 
ment of  kindling  a  pine  stick  in  the  dark  heat  focus  of  a  burn- 
ing-glass, concentrating  light  from  which  the  visible  radiations 
have  been  removed  by  means  of  a  solution  of  iodine  in  bisulphide 
of  carbon,  must  have  wished  that  we  possessed  a  screen  opaque 
to  visible  light  and  transparent  to  the  ultra-violet. 

I  have  recently  succeeded  in  making  a  screen  quite  trans- 
parent to  these  radiations,  though  a  gas  flame  cannot  be  seen 
through  it.  By  combining.it  with  a  large  condensing  lens  and 
an  arc-lamp,  it  is  possible  to  form  a  dark  focus  of  ultra-violet 
light  in  which  a  lump  of  uranium  nitrate  glows  with  a  vivid  green 
phosphorescence  like  a  great  emerald. 

Aside  from  giving  us  the  means  of  performing  a  most  beauti- 
ful lecture  experiment,  these  screens  make  it  possible  to  photo- 
graph the  ultra-violet  lines  in  grating  spectra  of  higher  orders 
than  the  first,  entirely  uncontaminated  by  the  visible  radiations 
which  overlie  them.  Other  applications  at  once  suggest  them- 
selves, such  as  the  complete  removal  of  the  highly  actinic  blue 
and  violet  rays,  in  certain  investigations  of  the  ultra-violet  region 
where  the  long  exposures  necessary  are  apt  to  produce  fogging 
of  the  plates.  It  seems  quite  possible,  too,  that  photographs  of 
the  Moon,  planets,  and  nebulae,  taken  by  means  of  ultra-violet 
light,  may  furnish  valuable  data,  as  I  shall  attempt  to  show  at 
the  end  of  this  paper. 

The  substance  which  has  made  possible  the  production  of  such  a 
screen  is  nitroso-dimethyl-aniline,  the  remarkable  optical  prop- 
erties of  which  I  have  already  alluded  to  in  a  previous  paper. 
As  I  have  already  said,  a  prism  formed  of  this  substance  yields 
a  spectrum  about  thirty  times  as  long  as  a  quartz  prism  of  the  same 
angle,  the  dispersion  somewhat  resembling  that  of  selenium.      I 

i33 
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was  of  the  opinion  that  the  absorption,  which  commences  at 
about  wave-length  0.0005  mm,  would  increase  continuously  from 
this  point  down  to  the  end  of  the  spectrum,  as  was  found  to  be 
the  case  with  selenium.  On  commencing  a  study  of  the  absorp- 
tion, however,  I  was  astonished  to  find  that  it  ended  abruptly  a 
little  beyond  the  H  and  K  lines,  and  that  from  this  point  on  the 
substance  was  transparent  even  down  to  the  last  cadmium  line,  of 
wave-length  0.0002  mm.  It  at  once  occurred  to  me  that,  if  some 
substance  or  substances  could  be  found,  absorbing  the  red,  yel- 
low, and  green,  and  transparent  to  the  ultra-violet,  we  could,  by 
combining  them  with  the  nitroso  compound,  produce  the  long- 
sought  screen. 

Very  dense  cobalt  glass,  coated  with  a  thin  film  of  gelatine 
lightly  stained  with  the  nitroso,  was  found  to  be  transparent  only 
to  the  extreme  red  and  the  ultra-violet,  and  the  red  was  eventu- 
ally removed  by  means  of  a  thin  sheet  of  Chance's  "  signal- 
green  "  glass,  such  as  is  used  for  one  of  the  reflectors  in  the  Ives 
Kromskop.  This  combination  is  wholly  opaque  to  visible  light, 
while  freely  transmitting  everything  between  wave-lengths  34 
and  38.  Of  course,  the  employment  of  glass  screens  limits  the 
ultra-violet  transmission,  and  a  screen  of  this  description  is  use- 
ful chiefly  for  lecture  demonstrations.  Considerable  care  must 
be  used  in  the  adjustment  of  the  strength  of  the  solution  of  the 
nitroso  in  gelatine,  otherwise  the  intensity  of  the  ultra-violet 
light  is  considerably  weakened.  The  best  strength  is  such  as 
will  be  just  sufficient  to  remove  the  blue  and  violet  light  trans- 
mitted by  dense  cobalt  glass.  Quite  a  number  of  trials  will  be 
found  necessary  in  adjusting  the  densities  of  the  three  compo- 
nents of  the  screen  to  secure  the  maximum  effect,  but  when 
the  balance  is  just  right,  it  is  possible  to  form  a  focus  in  which  a 
piece  of  paper  is  quite  invisible,  while  a  mass  of  crystals  of  the 
nitrate  of  uranium  (which  I  have  found  superior  to  anything  else) 
glows  with  sufficient  intensity  to  be  seen  from  the  back  of  the 
largest  lecture-room.  It  is  best  to  exclude  carefully  all  light 
which  does  not  pass  through  the  screen. 

With  the  assistance  of  one  of  our  students,  I  am  at  the  pres- 
ent time  investigating  the  absorption  of  a  large  number  of  sub- 
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stances  which,  so  far  as  I  know,  have  not  been  previously  studied, 
and  I  hope  in  time  to  dispense  with  glass  entirely,  and  produce 
an  opaque  screen  which  transmits  ultra-violet  light  down  to  the 
end  of  the  spectrum.  A  tube  filled  with  iodine  vapor  and  fur- 
nished with  quartz  ends,  on  one  of  which  is  a  thin  film  stained 
with  nitroso,  transmits  all  the  ultra-violet,  and  only  the  extreme 
red,  but  it  is  very  inconvenient  to  work  with.  For  use  as  a 
screen  in  spectrum  photography  there  is  no  especial  object  in 
removing  the  red,  yellow,  and  green,  the  nitroso  alone  blocking 
out  completely  the  actinic  portions  of  the  visible  spectrum,  which 
overlie  the  ultra-violet  in  the  second,  and  third-order  spectra, 
and  I  shall  next  consider  solutions  of  the  substance  in  various 
fluids  in  connection  with  spectrum  photography. 

I  have  found  that  the  best  method  of  quickly  securing  a 
record  of  the  absorption  of  a  solution  is  to  bring  a  prismatic  layer 
of  the  liquid,  contained  in  a  quartz  cell,  before  the  slit  of  a  quartz 
spectrograph,  and  photograph  the  spectrum  of  the  cadmium 
spark.  We  secure  in  this  way  a  record  of  the  absorption  of  the 
liquid  in  various  thicknesses,  in  the  form  of  a  curve,  quite  simi- 
lar to  the  curves  laboriously  constructed  from  the  readings 
obtained  with  the  spectro-photometer.1 

The  curve  obtained  with  a  solution  of  the  nitroso  in  glycerine 
is  shown  in  Plate  XII,  Figs.  4  and  5.  It  will  be  noticed  that  after 
a  certain  thickness  has  been  passed  we  begin  to  get  a  noticeable 
absorption  in  the  ultra-violet,  the  form  of  the  curve  in  this  region 
being  well  shown  in  Figs.  3  and  4.  The  band  in  the  blue  and 
violet  is,  however,  so  much  heavier  that,  by  employing  a  film  of 
suitable  thickness,  we  can  get  complete  opacity  in  this  region, 
combined   with  almost  perfect  transparency  in  the  ultra-violet. 

■It  is  my  intention  to  prepare  a  monograph  on  the  absorption  of  a  large  number 
of  the  aniline  dies,  and  other  organic  compounds  such  as  the  nitroso-dimethyl-aniline' 
which  have  not  been  previously  investigated.  The  spectra  will  be  approximately  normal, 
all  on  the  same  scale,  and  will  extend  from  the  C  line  down  to  the  end  of  the  spectrum. 
They  will  be  photographed  in  the  manner  which  I  have  described,  and  will,  I  hope, 
make  it  possible  for  the  spectroscopist  or  physicist  to  pick  out  at  once  the  combination 
necessary  to  produce  any  desired  result.  Preliminary  experiments  are  now  in  progress 
to  determine  the  best  form  to  give  the  apparatus,  and  the  most  suitable  source  of  light, 
and  I  shall  be  very  glad  of  any  suggestions  pertaining  either  to  the  apparatus  or  to 
particular  substances  worthy  of  investigation. 
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The  nitroso  is  soluble  in  water,  glycerine,  ether,  alcohol,  bisul- 
phide of  carbon,  and  many  other  fluids,  and  the  region  of 
heaviest  absorption  varies  somewhat  with  the  nature  of  the 
solvent,  the  shift  of  the  band  not,  however,  following  Kundt's 
rule  in  every  case.  A  stained  gelatine  film  on  a  quartz  plate 
forms  a  fairly  suitable  screen,  if  we  do  not  wish  to  photograph 
below  the  group  of  cadmium  lines  at  wave-length  2314.  It  is 
opaque,  however,  to  waves  much  shorter  than  this.  The  glycerine 
solution  transmits  down  to  the  last  cadmium  line,  \=2I47,  and 
some  other  solvents  appear  to  work  equally  well. 

In  photographing  the  spectrum  of  the  cadmium  spark  in  the 
ultra-violet  of  the  third  order,  with  the  fourteen-foot  concave 
grating,  I  found  that  the  prolonged  exposure  of  the  solution  in 
glycerine  to  the  light  of  the  spark  resulted  in  its  decomposition. 
Gas  bubbles  formed  in  the  thin  quartz  cell,  and,  by  bridging 
across  the  space  between  the  two  plates,  allowed  the  passage  of 
blue  and  violet  light.  The  same  thing  occurred  with  pure 
glycerine  under  a  quartz  plate,  while  glycerine  under  glass  was 
unaffected,  showing  that  the  decomposition  was  caused  by  the 
extreme  ultra-violet.  In  addition  to  the  formation  of  bubbles  a 
gradual  bleaching  of  the  solution  occurred.  To  obviate  this 
difficulty  I  constructed  a  small  cell  of  quartz,  by  cementing  two 
plates  together,  with  a  space  of  about  0.5  mm  between  them,  the 
cell  thus  formed  being  cemented  to  the  bottom  of  a  small  thistle 
tube  with  a  very  small  bore.  By  filling  the  thistle  tube  with  the 
glycerine  solution,  a  flow  took  place  through  the  cell  at  the  rate 
of  about  a  drop  every  two  minutes.  This  device  worked  admir- 
ably and  gave  no  trouble  at  all,  the  cell  being  placed  close  to  the 
slit  of  the  grating  camera  in  the  path  of  the  convergent  beam 
from  the  quartz  lenz.  Another  very  satisfactory  screen  can  be 
made  by  dissolving  celluloid  (previously  boiled  for  some  time  in 
water)  in  amyl  acetate,  adding  a  little  nitroso,  and  flowing  the 
solution  on  a  quartz  plate.  It  is,  however,  opaque  to  the  last 
two  cadmium  lines.  The  use  of  the  screen  necessitates  consid- 
erable increase  in  the  time  of  the  exposure,  the  amount  varying 
from  two  to  ten,  or  even  twenty,  times,  according  to  the  density 
of  the  screen.     The  strength  of  the  glycerine  solution  must  be 
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adjusted  according  to  the  work  required  of  it ;  a  strong  solution 
gives  a  wider  band  in  the  blue  and  violet,  but  diminishes  the 
intensity  of  the  ultra-violet  as  well.  In  general,  the  best  results 
are  obtained  when  the  blue  line  of  wave-length  4799  in  the  spark 
spectrum  of  cadmium  can  be  just  barely  discerned. 

In  Plate  XII,  Fig.  I,  the  wave-lengths  of  the  principal  lines  in 
the  spark  spectrum  of  cadmium  are  given  for  reference.  The 
action  of  the  nitroso  screen  is  well  shown  in  Fig.  2,  the  spectra 
being  photographed  with  a  small  quartz  spectrograph  made  by 
Fuess.  The  first  seven  spectra  were  taken  through  the  glycerine 
nitroso  cell  which  I  have  just  described,  with  the  following  times 
of  exposure  :  5,  10,  1 5,  20,  30,  45,  and  60  seconds.  The  cell  was 
then  removed  and  the  following  six  spectra  taken  with  exposures 
2.5,  5,  10,  15,  20,  and  30  seconds.  A  study  of  these  spectra 
enables  us  to  calculate  just  what  can  be  done  with  this  screen, 
and  the  necessary  increase  in  the  time  of  exposure  resulting 
from  its  use. 

In  Fig.  6,  which  is  a  negative,  we  have  the  absorption  spectra 
of  the  various  components  of  the  screen  which  I  mentioned  in 
the  first  part  of  this  paper,  taken  with  exposures  of  20  seconds 
each.     The  spectra  were  taken  through  screens  as  follows : 

1.  Nitroso  in  gelatine  on  glass  (thin  film). 

2.  Nitroso  in  gelatine  on  glass  (thick  film). 

3.  Nitroso  in  gelatine  on  cobalt  glass  (thin  film). 

4.  Nitroso  in  gelatine  on  cobalt  glass  (thick   film),  strong  ultra-violet 
absorption. 

5.  Dense  cobalt  glass. 

6.  Turnbull's  blue  in  gelatine. 

7.  Chance's  "  signal  green  "  glass  (two  thicknesses). 

8.  No  screen,  3  seconds'  exposure. 

9.  Cyanine  in  Canada  balsam. 
1 1.  Aurantia  in  collodion. 

These  photographs  were  taken  on  an  orthochromatic  plate, 
the  yellow  and  yellow-green  being  compressed  into  the  small 
strip  which  appears  alone  in  No.  11. 

The  utility  of  the  nitroso  screen  in  photography  with  the 
concave  grating  is  very  clearly  brought  out  in  the  photographs  of 
the  iron  spectrum  shown  in  Plate  XIII.     These  were  made  with 
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a  fourteen-foot  grating,  with  a  glycerine  nitroso  cell  before  the 
slit  during  one  of  the  exposures.  Figs.  1  and  2  are  from  the 
same  plate.  Strip  B  in  each  was  made  through  the  screen,  and 
shows  the  ultra-violet  of  the  third  order,  uncontaminated  by 
the  blue  of  the  second.  In  strips  A,  which  were  made  without 
the  screen,  the  two  orders  are  mixed.  Strips  C  were  made 
through  a  glass  screen,  which  cut  off  the  third  order  ultra-violet, 
leaving  the  blue  of  the  second.  I  have  marked  a  few  of  the 
wave-lengths  to  aid  in  the  identification  of  the  lines.  The  times 
of  exposure  were  for  strips  A  and  C  10  minutes,  for  B  50 
minutes. 

The  group  of  cadmium  lines  in  the  neighborhood  of  wave- 
length 2314  is,  in  the  second-order  spectrum,  mixed  up  with  a 
lot  of  blue  air  lines  of  the  first-order  spectrum.  The  separation 
of  the  two  by  the  nitroso  screen  is  well  shown  in  Fig.  3,  in 
which  the  two  orders  are  shown  superposed  in  strips  A,  and  the 
ultra-violet  of  the  second  order  in  strip  B.  The  exposures  in 
this  case  were  15  minutes  and  2  hours  respectively. 

Another  screen  which  I  believe  may  prove  useful  in  astro- 
physical  work  is  made  by  combining  nitroso-dimethyl-aniline 
with  a  small  amount  of  the  dye  uranine,  the  latter  removing  the 
bluish-green  portion  of  the  spectrum  which  affects  the  photo- 
graphic plate.  By  a  proper  adjustment  of  the  two  in  gelatine 
on  glass,  a  screen  can  be  formed  which,  when  used  with  an 
ordinary  (/'.  e.t  not  orthochromatic)  plate,  gives  us  a  photograph 
made  exclusively  by  ultra-violet  light,  comprised  between  wave- 
length 345  and  365 — a  rather  narrow  range.  I  have  made  a 
few  photographs  with  a  screen  of  this  description  which  have 
brought  out  some  interesting  points.  In  a  photograph  of  the 
full  Moon,  taken  by  ultra-violet  light,  the  contrast  between  the 
bright  and  dark  areas  is  very  strongly  accentuated,  while  in 
photographs  of  landscapes  made  in  the  same  way  there  is  almost 
no  contrast  at  all,  except  between  white  objects  and  objects  not 
white.  I  have  also  photographed  a  collection  of  rocks  and 
minerals  with  ultra-violet  light  and  with  yellow  light.  In  the 
negative  taken  by  yellow  light  there  is  a  great  deal  of  contrast 
and  detail,  especially   in   the  marbles  and   conglomerates,  while 
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in  the  negative  taken  by  ultra-violet  light  all  this  is  absent,  the 
white  specimens  coming  out  very  black,  with  everything  else  of 
a  thin  and  almost  uniform  gray.  I  hope  in  the  near  future  to 
have  an  opportunity  of  making  some  lunar  photographs  on  a 
large  scale,  the  only  instrument  at  my  disposal  at  the  present 
time  being  the  nine-inch  equatorial  of  the  University.  Photo- 
graphing by  ultra-violet  light  appears  to  diminish  the  contrast 
between  all  objects  not  white,  and  to  increase  the  contrast 
between  white  objects  and  those  not  white.  I  do  not  wish  to 
be  hasty  in  drawing  conclusions,  but  it  appears  to*  me  to  be 
probable  that  the  more  luminous  portions  of  the  lunar  surface, 
if  not  as  white  as  plaster  of  Paris,  must  at  least  be  much  whiter 
than  gray  sandstone. 

In  Plate  XIII,  Fig.  4,  are  reproduced  two  photographs  of  the 
same  landscape,  taken  at  the  same  time  and  under  similar  condi- 
tions of  illumination,  the  one  (A)  taken  on  an  orthochromatic 
plate  by  yellow  light  through  a  screen  of  dense  aurantia,  the 
other  (B)  taken  on  an  ordinary  plate  by  ultra-violet  light. 
The  absence  of  contrast  between  the  chimneys  and  walls  in  B  is 
especially  noticeable  in  the  right-hand  part  of  the  picture.  I 
tried  various  times  of  exposure,  and  the  picture  reproduced 
is  the  best  of  the  lot.  Another  curious  effect  is  the  almost 
complete  absence  of  shadows  in  the  ultra-violet  picture  (it  was 
taken  in  full  sunlight  like  the  other),  showing  that  most  of  the 
ultra-violet  light  comes  from  the  sky,  which  is  what  we  should 
expect,  though  we  should  hardly  anticipate  that  the  effect  would 
be  so  pronounced.  This  is  best  seen  on  the  monument  and  on 
the  snow  in  the  middle  distance.  The  increase  of  "  atmosphere  " 
in  the  ultra-violet  picture  is  very  marked.  It  is  so  strong  that 
under-exposed  plates  fog  in  the  shadows  of  objects  not  over 
one  hundred  yards  from  the  camera,  a  circumstance  which  shows 
the  great  scattering  power  of  the  air  for  these  short  waves. 
The  two  pictures  are  also  interesting  as  showing  that  our  eyes 
have  developed  a  maximum  sensibility  for  that  region  of  the 
spectrum  which  shows  terrestrial  objects  in  strongest  contrast. 
Nitroso-dimethyl-aniline  is  the  only  substance,  other  than  the 
ordinary  aniline  dyes,  that  I  have  examined  thus  far,  and   I  feel 
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very  hopeful  of  finding  among  the  large  number  of  allied  sub- 
stances, absorbing  media  even  more  transparent  to  the  ultra- 
violet radiations  than  the  one  which  I  have  described  in  this 
paper. 

Physical  Laboratory, 

Johns  Hopkins  University, 

Baltimore,  January  1903. 


SYSTEMATIC  ERRORS  IN    THE    WAVE-LENGTHS    OF 
THE  LINES  OF  ROWLAND'S  SOLAR  SPECTRUM. 

By  G.    Eberhard. 

In  their  investigations  with  their  interference  apparatus 
Messrs.  Fabry  and  Perot1  have  measured  the  wave-lengths  of  33 
lines  of  the  solar  spectrum,  and  have  compared  their  values  with 
those  given  by  Rowland  in  his  preliminary  table  of  solar  spec- 
trum wave-lengths.  In  this  way  they  have  shown  that  Row- 
land's system  contains  systematic  errors  of  considerable  amount 
in  comparison  to  the  accuracy  of  the  relative  measurements  for 
small  regions  of  spectrum.     They  give  for  a  number  of  lines  the 

X  (Rowland)  .  .  . 

ratio   x  /T^  ^ -=-=: r ,    which    in   the  absence    of  systematic 

A  (Fabry  and  Perot) 

errors  should  be  constant,  and  for  the  sake  of  the  subsequent 
comparison  I  have  also  plotted  the  numbers  of  their  table  on  a 
curve  given  below. 

Although  any  doubt  as  to  the  reality  of  these  systematic 
errors  in  Rowland's  table  is  wholly  dispelled  by  the  great  accu- 
racy attained  by  Messrs.  Fabry  and  Perot  in  their  investigations, 
it  nevertheless  seemed  to  me  to  be  of  interest  to  examine  another 
independent  series  of  observations  —  the  wave-lengths  of  300 
solar  lines  measured  by  Miiller  and  Kempf — and  see  whether  a 
comparison  of  their  values  with  Rowland's  would  exhibit  the 
same  thing.  In  a  similar  comparison  Miiller  had  already  found 
that  "in  the  central  portions  of  the  spectrum  between  wave- 
lengths about  550  and  610,  negative  signs  prevail,  which  leads 
to  the  inference  of  systematic  inequalities  in  one  of  the  two 
series  of  measures/'  etc.2  I  had  to  take  into  account  the  fact 
that,  in  consequence  of  the  nature  of  the  grating  then  employed, 
which  was  decidedly  inferior  in  quality  to  modern  gratings,  acci- 
dental errors  of  measurement  would  occur  of  much  larger  amount 
than  in  the  case  of  Rowland,  and   that  these  could   only   be  in 

1  ASTROPHYSICAL  JOURNAL,  15,  270-273,  I902. 

3 Publicationen  des  Astrophysikalischen  Observatoriums  zu  Potsdam ,  8,  51. 
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some  measure  compensated  for  by  taking  the  means  from  a  large 
number  of  lines.1  But,  on  the  other  hand,  Muller  and  Kempf 
proceeded  with  the  greatest  possible  care  in  building  up  their 
system,  so  that  the  occurrence  of  systematic  errors,  which  were 
dependent  upon  the  wave-length,  did  not  seem  to  me  probable, 
aside  from  those  errors  which  might  arise  from  the  determina- 
tion of  the  constant  of  the  grating. 

On  carrying  out  the  computations,  my  suspicions    were  fully 

r    r         ,      ,  •  A  (Rowland) 

confirmed,    as    I    found    that    the   quotient   .  /%<..fl si? T\ 

1  \  (Muller  and  Kempf) 

exhibited  very  nearly  the  same  course  as  the  similar  quotient 
between  Rowland  and  Fabry  and  Perot ;  but  the  values  of  the 
first  quotient  disclose  very  much  greater  differences  for  neigh- 
boring lines  than  in  the  case  of  Fabry  and  Perot. 
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'Muller  and  Kempf  give  as  the  pr<>l>al>le  error  of  a  line  on  the  average  ±0.03 
tenth-meters  {Publicationfn  des  Aslrophys.  Obs.,  8,  145).  but  it  may  be  seen  from  the 
table,  pp.  147  ff.,  that  the  probable  error  of  a  line  depends  very  much  upon  its  char- 
acter. 
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I  employed  as  the  basis  of  my  computation  the  list  of  127 
lines  of  the  Potsdam  list  of  wave-lengths  which  Muller1  had 
already  selected  in  making  his  comparison  of  the  Potsdam  values 
with  Rowland's  standards  of  1889.  Of  these  127  lines  I  omit- 
ted, however,  23  more,  as  the  Potsdam  values  of  the  line  might 
have  been  affected  by  close   and   often   fainter  lines,   in   conse- 
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quence  of  the  small  dispersion  and  resolution  employed  in  the 
measurements.  Although  it  would  have  been  desirable  to  have 
as  great  a  number  of  common  lines  as  possible  for  my  compari- 
son of  the  two  systems,  I  nevertheless  refrained  from  identifying 
a  larger  number  of  the  300  lines  of  the  Potsdam  list2  with  those 
of  Rowland,  as  I  have  never  made  extensive  observations  with 
the  old  Potsdam  glass  grating,  and  therefore  could  not  have 
made  an  advantageous  selection  of  the  lines.  Rowland's  values 
are  of  course  taken  from  his  "  Preliminary  Table." 

The  individual  values  of  the  above  table  exhibit  a  somewhat 
irregular  behavior,  but  on  plotting  on  section   paper   a   progres- 


1  Ibid.,  49,  50. 


»/*/,/.,  5,  147  ff. 
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sion  is  also  clearly  visible.     This  becomes  more  evident  on  com- 

,  .    .  .  c     ,  X  (Rowland) 

bininsr  into  a  mean  the  values  of  the  ratio  ;  ,,,..,. 3-7^ 7; 

&  A.  (Muller  and  kempf) 

for  lines  20  tenth-meters  apart.  But  also  in  taking  this  mean 
still  far  too  few  single  values  are  combined  in  each  mean,  and  I 
therefore  also  took  means  for  every  100  tenth-meters,  which  are 
represented  in  the  accompanying  curve.  The  close  agreement 
with  the  curve  of  Fabry  and  Perot  cannot  fail  to  be  recognized, 
and  hence  the  occurrence  of  systematic  errors  in  Rowland's 
table  is  also  evident  from  the  Potsdam  determinations  of  wave- 
lengths by  Muller  and  Kempf,  in  the  manner  first  established  by 
Fabry  and  Perot. 

ASTROPHYSIKALISCHES   OHSERVATORIUM, 

Potsdam,  January  3,  1903. 


PRELIMINARY  NOTE  ON  SOME  MODIFICATIONS  OF 
THE  MAGNESIUM  LINE  AT  X4481  UNDER  DIF- 
FERENT LABORATORY  CONDITIONS  OF  THE 
SPARK  DISCHARGE. 

By  S 1 R   William   H  u  g  g  i  n  s   and   Lady    Huggins. 

In  his  "  Note  on  the  Wave-Length  of  the  Magnesium  Line  at 
X4481  Ml  Professor  Crew  points  out  that  an  interesting  problem 
still  remains,  namely  to  discover  the  laboratory  conditions  under 
which  the  line  becomes  sharp,  as  in  some  stellar  spectra. 

For  some  years,  at  intervals,  experiments  have  been  made 
here  in  the  laboratory  on  the  spectrum  of  magnesium,  with  the 
hope  of  throwing  light  on  the  physical  conditions  of  the  stellar 
atmospheres  which  we  may  assume  to  be  indicated  by  the  char- 
acter of  this  line  when  present;  a  line  which  in  the  laboratory 
is  subject  to  a  very  wide  range  of  modifications,  both  of  char- 
acter and  of  intensity. 

As  it  may  be  some  time  before  these  experiments  are  suffi- 
ciently complete  for  publication,  it  seems  desirable  to  reproduce 
at  once  with  this  preliminary  note,  out  of  the  very  large  number 
of  spectra  which  have  been  taken,  a  few  representing  the  most 
typical  forms  of  the  modifications  of  this  line. 

The  teaching  of  these  experiments  suggests  that  the  condition 
of  the  spark-discharge  which  is  most  potent  in  bringing  about 
modifications  of  this  line  both  in  intensity  and  in  character  is  the 
greater  or  less  suddenness  of  the  blow  of  the  discharge.  To  a 
small  extent  only  does  the  character  of  the  line  appear  to  be 
affected  by  the  quantity  and  the  electro-motive  force  of  the 
electricity  which  is  in  action ;  indeed,  such  changes  as  may 
appear  are  probably  brought  about  indirectly  by  the  larger  mass 
of  material  acted  upon  as  the  discharge  is  made  more  powerful. 

The  appearance  of  the  line  at  X4481  in  the  spectrum  at  the 
top  of  the  plate  may  be  taken  as  representing  its  normal  condi- 

'ASTROPHYSICAL  JOURNAL,  16,  246,   1902. 
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tion  with  capacity  in  the  secondary  of  the  coil.  When  the  jar 
is  taken  out  of  circuit,  and  the  discharge  of  the  secondary 
takes  place  directly  between  the  magnesium  electrodes,  the  line 
becomes  thin,  defined,  and  of  small  intensity,  as  in  spectrum 
No.  2.  In  this  case  the  electric  blows  are  less  sudden  through 
the  incoming  of  the  full  self-induction  of  the  coil  itself. 

The  researches  of  Schuster,  Hemsalech,  Schenck,  Huff,  and 
others  have  shown  that  a  similar  effect  follows  when  the  jar- 
discharge  is  slowed  down  by  the  introduction  into  the  circuit  of 
an  independent  self-induction.  The  condition  of  the  line  in 
spectrum  No.  3  shows  the  effect  of  the  introduction  of  a  self- 
induction,  the  conditions  of  the  discharge  remaining  otherwise 
the  same  as  in  photograph  No.  1. 

In  spectrum  No.  5  a  stronger  alternating  current  and  a  capa- 
city four  times  as  great  as  in  No.  I  were  employed ;  but  the 
photograph  is  feeble  from  over-exposure.  On  the  contrary,  in 
No.  4  the  coil  was  excited  by  a  feeble  continuous  current  and 
the  capacity  in  the  circuit  was  reduced  to  a  small  jar. 

The  two  spectra  placed  below  were  taken  some  years  ago 
with  another  spectroscope.  They  are  of  interest  in  showing  the 
great  variation  of  intensity  which  the  line  at  X4481  may  undergo 
without  assuming  its  normal  diffused  character,  as  in  No.  1. 
The  line  in  spectrum  No.  4  appears  to  be  intermediate  in  char- 
acter between  that  of  the  line  in  No.  7  and  that  in  No.  1. 

We  have  still  before  us  the  task  of  the  interpretation  of  the 
differences  in  the  mode  of  production  of  the  electric  spark, 
especially  as  to  greater  or  less  suddenness,  so  as  to  enable  us  to 
connect  them  with  definite  conditions  of  temperature  and  density 
of  those  stellar  atmospheres  in  which  the  magnesium  present 
absorbs  radiations  similar  in  character  to  those  photographed  in 
the  laboratory. 

London, 
January  I,  1903. 
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ON   THE    FLAME   SPECTRUM    OF    RADIUM. 

By  C.  Runge    and    J.   Precht. 

Dr.  Giesel  has  recently  found  that  very  small  quantities  of 
sufficiently  pure  radium  bromide  give  a  characteristic  color  to 
the  flame  of  a  Bunsen  burner.1  He  describes  the  spectrum  on 
the  whole  as  consisting  of  two  red  bands  and  a  bright  blue  line. 
In  the  violet  he  saw  some  other  less  prominent  lines. 

At  the  request  of  Dr.  Giesel  we  have  investigated  the 
spectrum  more  closely,  for  which  purpose  he  was  kind  enough 
to  supply  us  with  13  milligrams  of  radium  bromide  of  his  own 
making. 

To  fix  the  substance  on  the  platinum  wire  we  proceeded  in 
the  same  way  as  described  by  one  of  us  in  his  paper  on  the 
spark  spectrum  of  radium.3  The  platinum  wire  was  doubled  up, 
twisted  into  a  loop,  and  heated  by  an  electric  current.  If  a 
fragment  of  the  salt  is  touched  with  the  glowing  wire,  it  sticks 
to  it,  melts,  and  forms  a  small  drop.  When  the  current  is  cut 
off,  the  drop  hardens  and  begins  to  give  out  a  bright  phosphor- 
escent light.  If  the  wire  is  again  heated,  the  light  ceases  at 
once,  but  is  renewed  as  soon  as  the  heating  is  stopped.3 

The  wire  carrying  a  small  fragment  of  the  substance  was 
brought  into  the  hottest  part  of  the  Bunsen  flame,  which  was 
placed  before  the  slit  of  a  spectroscope.  The  spectroscope 
consisted  of  a  Rowland  concave  grating  of  one  meter  radius.  It 
was  mounted  in  the  way  described  by  one  of  us.4  If  the  wire  is 
electrically  heated  while  the  substance  is  in  the  flame,  the 
intensity  of  the  spectrum  is  increased,  but  the  substance  is 
consumed  more  rapidly. 

The  wave-lengths  were  read  off  on  a  paper  scale.     The  light 

XF.  Giesel,  Physikal.  Ztitschrift,  3,  578,  1901-2  and  Ber.  d.  deutsch.  chem.  Gcse/l- 
ichaft,  35,3608,  1902. 

aC.  Runge,  "On  the  Spectrum  of  Radium,"  Astroi»hysicai.  Journal,  12,  1. 
•'This  phenomenon  has  already  been  described  by  Giesel. 
*Wied.  Ann.,  61,  644,  1897. 
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is  not  sufficient  for  a  photograph  if  only  small  quantities  of  the 
salt  are  at  the  disposal  of  the  observer. 

When  the  substance  is  first  brought  into  the  flame,  there  are 
some  lines  to  be  seen,  which  rapidly  lose  their  intensity,  so 
much  so  that  one  must  be  quick  to  determine  their  wave-lengths 
before  they  disappear.  The  blue  line  at  X4826  is  the  last  to  lose 
its  intensity.  It  seems  to  possess  the  same  character  as  the 
barium  line  X5536,  the  strontium  line  X4607,  and  the  calcium 
line  \4226,  which  are  also  most  prominent  when  these  sub- 
stances are  brought  into  the  Bunsen  flame. 

In  the  following  table  we  have  noted  all  we  have  seen.  We 
believe  all  the  observed  lines  to  be  due  to  radium  except  the 
barium  line  X5536  and  the  two  sodium  lines.     The  wave-lengths 


Wave- 
Lengths 

Remarks 

4405 

Weak,  diffuse 

4500 

Weak,  diffuse,  observ 

ed  only  once 

4592 

Diffuse 

4O80 

Weak,  observed  only 

once,  perhaps  identical  with  the  strong  line  of  the 

spark  spectrum  at  X 4682.3 

4718 

4750 

4826 

Strong,  sharp  line,  very  likely  identical  with  the  line  at  X  4826.1    in   the 

spark  spectrum,  as 

Giesel  presumes 

509-513 

Weak  band,  observed 

only  once 

5210 

Observed  only  once 

53^0 

Observed  only  once 

5535 

Impurity,  barium  X  5535.7 

56SS 

Observed  only  once 

56S5 

Observed  only  once 

5890 

Impurity,  sodium 

5806 

Impurity,  sodium 

590-605 

Weak  band 

613-633 

Strong  band 

6210 

%j 

6216 

Observed  only  once 

622S 

Observed  only  once 

6247 

These  lines  are  seen  in  the  band,  but  anpar- 

6250 

Observed  only  once 

f         entlv  do  not  form  the  band 

6260 
0260 
62  S  5 

Observed  only  once 

1 
1 

1 

1 

0:529 

Strong 

1 

6349 

Strong 

65^-070 

Strung  band 

M>53 

Strong  line;   there  is  ■, 
hood  of  the  line 

1  minimum  of  intensity  of  the  band,  in  the  neighbor- 

6S01 

Uncertain,  observed  only  once 
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of  the  lines  that  have  been  observed  clearly  and  repeatedly  we 
believe  to  be  correct  to  one  or  two  Angstrom  units.  With  those 
lines,  however,  which  have  been  observed  only  once,  the  error 
may  amount  to  several  Angstrom  units.  The  bands  have  no 
definite  limits.  When  an  ample  amount  of  the  salt  is  brought  into 
the  flame,  they  may  appear  much  broader  than  we  have  seen 
them.  It  may  be  that  the  bands  are  due  to  the  spectrum  of  the 
compound.  This  might  be  tested  by  observing  the  flame 
spectrum  of  the  chloride. 

Hannover, 

January  1903. 


FIVE  STARS  WHOSE  RADIAL  VELOCITIES  VARY. 


By  Edwin  B.  Frost  and  Walter  S.  Adams. 

In  the  course  of  the  observations  we  have  been  making  with 
the  Bruce  spectrograph  during  the  past  year  on  stars  having 
spectra  of  the  Orion  type,  the  following  four  stars  of  this  class 
have  been  found  to  vary  in  respect  to  their  motions  in  the  line 
of  sight,  in  addition  to  the  three  previously  announced  in  this 
journal  (77  Orionis,  0  Persei,  $  Ccphci).1 

The  determinations  of  velocity  so  far  made  are  given  below. 
The  G.  M.  T.  of  the  observations  is  not  now  communicated,  as 
we  do  not  deem  the  data  at  present  available  to  be  sufficient  for 
the  accurate  determination  of  the  orbits  of  these  stars.  The 
number  of  star  lines  measured  is  given  for  each  plate  in  the  fifth 
column. 

3  CKTI  (a  =  4h  3im;  5  =  —  o°  6';  Mag.  =  4.1) 


Plate 

Date 

Taken  by 

Velocity 

No.  of  Lines 

Measured  by 

A  291 

1 90 1,  Nov.    I 

F. 

+  8  km 

15 

A. 

B  227 

Nov.  13 

F. 

+  12 

10 

F. 

A  29S 

Dec.  19 

A. 

+  16 

7 

A. 

A  298 

1902,  Jan.     4 

A. 

+  6 

7 

A. 

13  383 

Aug.    7 

F. 

+13 

8 

A. 

B  388 

Aug.  11 

A. 

+  6 

9 

A. 

B  400 

Aug.  27 

A. 

+  9 

9 

A. 

B  404 

Sept.   3 

A. 

+  12 

8 

A. 

A  376 

Sept.  6 

A. 

+  J2 

10 

A. 

A  381 

Sept.   7 

F. 

+  6 

10 

A. 

B  432 

Oct.  29 

A. 

.:_  9 

8 

A. 

The  spectrum  is  of  Miss  Maury's  Class  IV  a  and  has  numer- 
ous oxygen  lines  and  the  usual  ones  of  helium,  silicon,  hydro- 
gen, and  magnesium.  The  lines  are  fairly  sharp,  so  that  the 
spectrum  is  relatively  well  measurable.  The  above  range  of 
variation  in  velocity  is  not  large,  from  +6  to  +16  km  per  sec, 
but  we  cannot  question  its  reality. 

1  AS'I .ROIMIYS1CAL  JOURNAL,  15,214,  34O,  IQ02;    17,68,  I903. 
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Plate 

Date 

Taken  by 

Velocity 

No.  of  Lines 

Measured  by 

8  242 

1901,  Nov.  20 

A. 

+  12  km 

5 

A. 

B438 

1902,  Oct.  30 

F. 

J +28 
{+26 

10 
12 

if 

B  443 

Oct.  31 

A. 

+  18 

7 

A. 

B  447 

Nov.    6 

A. 

+  3 

8 

A. 

B472 

Dec.  18 

F. 

±12 
+25 

8 

F. 

B  494 

1903,  Feb.    5 

A. 

7 

F. 

The  spectrum  resembles  that  of  8  Ceti,  but  the  lines  are  more 
difficult  to  measure.     The  range  so  far  observed  is  24km. 

its  ORIONIS  (a  =  4h  49m  ;  6  =  +  20  17 '  ;  Mag.  =  3.9) 


Plate 

Date 

Taken    by 

Velocity 

Number  of 
Lines 

Measured 
by 

A  332 

1902,  March  4 

A. 

+  1 

3 

A. 

B  469 

Dec.    17 

A. 

+  58 

5 

A. 

B475 

Dec.   31 

A. 

J +  70 

1  +  72 

5 
6 

t.\ 

B  480 

1903, Jan.       1 

Ellerman 

+  32 

4 

A. 

A  384 

Jan.     16 

A. 

+  7 

6 

A. 

B  488 

Jan.     21 

F. 

$  —  35 
<  — 32 

4 
4 

t:l 

A  390 

Jan.     22 

A. 

+  73 

4 

A. 

The  spectrum  of  this  star  is  not  well  adapted  for  accurate 
measurement,  the  lines  being  broad  and  very  diffuse.  A  few 
oxygen  lines  are  present,  but  they  are  faint  and  difficult  to  set 
upon.     The  period  is  evidently  short. 

f  TAURI. 
The  spectrum  of  the  star  is  peculiar,  as  has  been  noted  by 
Lockyer  and  probably  by  others.  The  conspicuous  feature  in 
the  region  of  spectrum  covered  by  our  plates  is  the  remarkable 
sharpness  and  intensity  of  Hy.  Settings  can  be  made  upon  this 
line  with  such  accordance  that  the  radial  velocity  determined 
from  this  line  alone  is  probably  not  much  less  reliable  than  that 
based  on  several  lines  in  the  case  of  most  other  stars  of  the  Orion 
type.  Other  lines  are  faintly  discernible  in  the  spectrum,  chiefly 
the  enhanced  lines  of  titanium  and  iron.  These  lines  are  in  gen- 
eral so  faint  and  broad,  however,  that  they  have  commonly  not 
been  employed  in  the  determination  of  the  star's  motion. 
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f  TAURKa  =  5h  32m;  5  =  +  21  °  5';  Mag.  =  3.0). 


Plate 

Date 

Taken    by 

Velocity 

Number  of 
Lines 

Measured 

by 

B   219 

1901,  Nov.    8 

A. 

{  +  17 
1+  16 

A.) 

A   317 

1902,  Feb.  12 

A. 

j  +  23 
1+  24 

S:( 

B   332 

April  23 

F. 

<  +  15 
1+  >' 

?:i 

B   410 

Sept.  13 

A. 

+  18 

A. 

B   425 

Oct.  15 

A. 

+  34 

A. 

B   440 

Oct.  30 

F. 

(  +  31 

2 

A.  ) 
F.  ) 

B   452 

Nov.     6 

A. 

/+  21 

I                A.  1 

1          i       F.  ) 

B   462 

Nov.  19 

A. 

+    >4 

1          1       A. 

B   470 

Dec.   17 

A. 

+     7 

1          |       A. 

B   473 

Dec    18 

F. 

-1-     9 

1          '       F. 

B   476 

Dec.  31 

A. 

+     4 

1          |       A. 

B  4S2 

1903,    Jan.     8 

A. 

+     2 

1          '       A. 

B   485 

Jan.     q 

A. 

+     5 

l                A. 

A  386 

Jan.  16 

A. 

+     4 

1                A. 

The  period  is  probably  rather  long.  Plate  B  452  of  the  above 
series  is  underexposed,  and  the  value  derived  from  it  is  some- 
what uncertain. 

V  VIRGIN rS  (a  =  I2h  I5m  ;  5  =  —  o°  7  ' ;  Mag.  =  4.1). 

This  star  has  a  composite  spectrum,  both  components  belong- 
ing to  Vogel's  type  I<7  2,  or  Miss  Maury's  Vllltf.  On  account 
of  the  weakness  of  the  lines  of  the  fainter  component  the  dis- 
cussion of  the  star's  motion  will  be  based  mainly  upon  the  abso- 
lute velocity  of  the  brighter  component.  The  binary  character 
of  the  star  was  established  by  the  first  plate,  taken  and  meas- 
ured by  A. 


Plate 

Date 

1 

Taken 

|    Brk.htek  Com 

'ON  EST 

Fainter 

Component 

M 

casu 

red 

1 

by 

Velocity       No. 

of  Lines 

Velocity 

No. 

of  Lines 

by 

A  3.XS 
B  493 
A  399 

1003,  Jan. 
Feb 
Feb 

10   1 

•    4    | 

1 

•sl 

A. 
F. 
A. 

'      -3M 

'(  +    0.7 

{+    0.2 

1     4-    3-4 

14 

10          1 

10       1 

+  42 
+  00 

-f-63 

1 
i 
1 

4 
4 
6 

A. 
F. 
A. 
A. 

I 
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NOTE    ADDED    FEBRUARY    1 8,    I903. 

When  it  was  decided  to  publish  at  this  time  the  observations 
of  the  above  stars,  we  expected  also  to  include  the  Orion  type 
star  7r4  Ononis,  the  first  two  plates  of  which  indicated  a  range  of 
variation  of  about  15  km.  It  was,  however,  withheld  until  we 
should  obtain  additional  plates,  as  the  third  and  fourth  plates 
gave  results  nearly  like  that  of  the  second.  We  see  today  in  the 
Publications  of  the  Astronomical  Society  of  the  Pacific  (15,  20,  1903) 
a  notice  by  Dr.  H.  M.  Reese,  stating  that  spectrograms  of  this 
star,  taken  with  the  Mills  spectrograph  of  the  Lick  Observatory, 
on  October  6,  1902,  and  January  4  and  12,  1903,  yielded  values 
respectively  of  +43,  ±0,  and  +6 km.  per  second. 
-  There  is  accordingly  no  reason  for  longer  withholding  our 
observations,  which  are  as  follows : 

t*  ORIONIS  (o  =  4h  46™  ;  «  =  +50  26';  Mag.  4.0) 


Plate 

Date 

Taken  by 

Velocity 

Number  of 
Lines 

Measured 
by 

A  332 

1902,  March    4 

A. 

+  13  km 

8 

A. 

B  466 

Nov.     27 

F. 

i=: 

5 
7 

u 

B  468 

Dec.      17 

A. 

+  1 

6 

F. 

A  389 

1903.  Jan.       22 

F. 

1+  0 

7 
6 

£i 

Yerkes  Observatory, 
February  8,  1903. 


SECOND  NOTE  ON  THE  SPARK  SPECTRUM  OF  IRON 
IN  LIQUIDS  AND  COMPRESSED  GASES. 

By  George   E.    Hale   and    Norton   A.   Kent. 

In  a  note  published  a  year  ago1  it  was  shown  that  the 
position  and  the  reversal  phenomena  of  the  lines  in  the  spec- 
trum of  a  spark  between  iron  poles  in  liquids  depend  upon  a 
variety  of  circumstances,  chief  among  which  are  the  electrical 
constants  of  the  circuit  and  the  nature  of  the  liquid.  It  was 
also  stated  that  certain  lines  in  the  blue  part  of  the  spectrum  of 
iron  had  been  photographed  in  air  at  pressures  ranging  from  1 
to  20  atmospheres,  and  that  the  shifts  of  the  lines  were  (approxi- 
mately) directly  proportional  to  the  pressure,  thus  confirming  and 
extending  the  results  previously  found  by  Humphreys  and 
Mohler  for  the  low  potential  discharge  in  air  at  pressures  up  to 
143^  atmospheres.  It  was  at  the  same  time  remarked  that  the 
lines  thus  investigated  in  air  showed  none  of  the  peculiar  phe- 
nomena of  reversal  which  had  been  observed  in  the  case  of  the 
high  potential  discharge  in  liquids. 

Since  this  first  note  was  written,  the  investigation  of  the 
spectrum  of  iron  in  liquids  has  been  completed.  The  reversal 
phenomena  previously  studied  with  low  dispersion  have  been 
photographed  with  a  concave  grating  of  ten  feet  (3. 05  m)  radius, 
on  a  scale  sufficiently  great  to  permit  the  displacements  of  the 
best  lines  to  be  measured  with  errors  not  often  exceeding  0.0 1 
tenth-meter.  In  the  note  referred  to  above  it  was  stated  that 
the  preliminary  experiments  on  the  effect  of  self-induction  in 
the  discharge  circuit  were  inconclusive.  With  a  coil  afterwards 
constructed,  in  which  the  self-induction  can  be  varied  from 
0.000042  to  0.000426  henrv  in  five  steps,  change  of  self-induction 
has  been  found  to  produce  more  marked  effects  than  change  of 
capacity,  length  of  spark,  diameter  of  terminals,  physical  or 
chemical  properties  of  the  liquid,  or  any  other  variable  previ- 
ously shown  to  influence  the  reversal  phenomena.      Accordingly, 

l(ii.nu<;r;  ]■'.  1 1  ai  K,  "Note  on  tin*  Spark  Spectrum  of  Iron  in  Liquids  and  in  Air 
at  II14I1  l'a-sMiics"  Asi  kiM'Iiysicu.  Jiu-rsai.,  15,  132,  1902. 
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changes  of  self-induction  in  the  discharge  circuit  have  been 
employed  to  produce  a  series  of  spectra,  which  pass  by  gradual 
degrees  from  a  spectrum  consisting  almost  wholly  of  bright  lines 
(highest  self-induction),  resembling  that  of  the  iron  spark  in 
air  at  atmospheric  pressure,  to  a  spectrum  consisting  for  the 
most  part  of  dark  lines  (no  self-induction)  in  the  region  X3550- 
X4500.  Such  a  series  of  spectra,  if  photographed  with  low 
dispersion,  would  closely  resemble  the  spectra  reproduced  in 
Plate  XI  of  the  note  referred  to  above.  A  careful  series  of 
measures  of  the  lines  has  shown  that  as  the  self-induction  is 
decreased  the  bright  lines  move  gradually  toward  the  red,  while 
the  absorption  lines,  which  begin  to  appear  in  the  earliest  stages, 
may  at  first  have  some  apparent  shift1  toward  the  violet,  though 
later  they  may  be  displaced  one  or  two  hundredths  of  a  tenth- 
meter  toward  the  red,  rarely  more.  Full  details  of  the  measure- 
ments will  be  given  in  a  paper  which  will  appear  soon  in  the 
Publications  of  the  Yerkes  Observatory. 

In  his  paper  "On  the  Interpretation  of  the  Typical  Spectrum 
of  the  New  Stars,"2  Professor  Wilsing  describes  his  experiments 
on  the  spectrum  of  high  potential  discharges  between  metallic 
poles  in  water,  and  bases  an  explanation  of  the  characteristic 
pairs  of  bright  and  dark  lines  in  the  spectra  of  temporary  stars 
upon  the  phenomena  he  observed.  Wilsing  concludes  that  the 
pressure  resulting  from  the  spark  discharge  in  liquids  amounts 
to  several  hundred  atmospheres.  As  our  own  investigations  led 
us  to  the  belief  that  the  pressure,  at  least  in  the  case  of  our  iron 
spark,  was  in  reality  much  lower,  we  thought  it  desirable  to 
extend  our  earlier  work  on  spark  spectra  in  air  at  high  pressures 
to  the  more  refrangible  region  studied  in  the  case  of  liquids. 
As  the  apparatus  used  for  such  work  a  year  ago  proved  inade- 
quate, new  apparatus  has  been  constructed  in  the  Observatory 
instrument  shop,  and  with  this  we  have  had  no  difficulty  in 
photographing  the  spectrum  of  the  iron  spark  in  gases  at  pressures 
ranging  from  1  to  53  atmospheres.  The  present  note  contains 
a  preliminary  account  of  the  results  hitherto  obtained,  but  many 

T  Doubtless  due  in  part  to  the  displacement  of  the  lines  of  the  comparison  spec- 
trum, caused  by  pressure  in  the  condensed  spark. 
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details  must  be  reserved  for  the  more  complete  paper  which   is 
to  appear  in  the  Observatory  Publications. 

In  the  recent  experiments  the  spark  between  iron  terminals 
has  been  observed  through  a  glass  window,  in  the  side  of  a  steel 
chamber  provided  with  a  pressure  gauge,  and  connected  by 
means  of  a  heavy  copper  tube  with  a  steel  reservoir  containing 
compressed  air  or  liquid  carbon  dioxide.  The  terminals  enter 
the  steel  pressure  chamber  through  long  cylinders  of  ebonite, 
and  special  precautions  have  been  taken  to  insure  the  most 
perfect  insulation.  The  spark  is  produced  by  means  of  a  trans- 
former giving  about  15,000  volts  on  open  circuit,  ordinarily  used 
with  a  condenser  of  0.0066  microfarad  capacity,  connected  with 
the  secondary  terminals.  In  order  to  insure  successful  opera- 
tion of  the  spark  at  high  pressures,  an  air  break  is  essential  in 
the  discharge  circuit.  The  photographs  of  spectra  reproduced 
in  Plate  XV  were  made  in  the  first  order  of  a  concave  grating 
of  ten  feet  radius,  ruled  with  14,438  lines  to  the  inch  (5684  to 
the  cm). 

As  stated  above,  the  spectra  photographed  a  year  ago  at  high 
pressures  did  not  extend  into  the  ultra-violet.  In  a  previous 
note4  it  has  been  shown  that  the  reversals  of  the  lines  in  the  case 
of  spark  spectra  in  liquids  first  appear  in  the  ultra-violet,  and 
advance  gradually  toward  the  less  refrangible  region  as  the  con- 
ditions for  reversal  become  more  favorable.  A  similar  result 
was  shown  many  years  ago  by  Liveing  and  Dewar  to  obtain  in 
the  case  of  arc  reversals.  It  is  for  this  reason  that  the  phenom- 
ena described  in  the  present  note  were  not  encountered  by  us  in 
our  earlier  work  at  lower  pressures  on  the  less  refrangible  region 
of  the  spectrum  of  the  iron  spark  in  air.  Nevertheless,  we  were 
somewhat  surprised  to  find,  in  our  first  test  of  the  new  apparatus, 
that  at  an  air  pressure  of  14  atmospheres  the  reversal  phenomena 
in  the  region  X3550-X4500  closely  resembled  those  we  were 
accustomed  to  photograph  in  the  case  of  the  iron  spark  in  water 
with  but  little  self-induction  in  the  discharge  circuit.  It  was  at 
once  evident  that  a  series  of  photographs  made  at  different  air 

4(Jf.okok  K.  IIai.k,  "Selective   Absorption  as    a   Function    of    Wave- Length," 

ASI  RUI'IIYMCAI.  JOl.'KNAI.,  15,  227,    1902. 
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pressures  would  resemble  the  series  previously  obtained  with  the 
spark  in  water  by  varying  the  self-induction.  Photographs  have 
now  been  made  at  pressures  ranging  from  i  to  53  atmospheres, 
portions  of  which  are  reproduced  in  Plate  XV.  In  the  temporary 
absence  of  compressed  air  at  pressures  greater  than  14  atmos- 
pheres, liquid  carbon  dioxide  was  used  to  give  higher  pressures. 
It  has  since  been  found,  however,  that  at  a  given  pressure  the 
reversal  phenomena  are  more  marked  in  an  atmosphere  of  air 
than  in  one  of  carbon  dioxide.  This  result  will  render  necessary 
an  investigation  of  the  effect  of  other  gases.  It  has  also  been 
found  that  changes  of  self-induction  in  the  condenser  circuit 
affect  the  reversal  phenomena  in  the  same  sense  as  in  the  case 
of  the  spark  in  water,  but  over  a  much  smaller  range. 

An  examination  of  Plate  XV  will  show  that  the  phenomena 
closely  resemble  those  previously  described  in  the  case  of 
liquids.  At  an  air  pressure  of  three  atmospheres  the  lines  are 
for  the  most  part  bright,  though  a  few  cases  of  reversal  appear. 
It  will  be  noticed  that  a  few  of  the  lines  have  at  this  stage 
increased  very  markedly  in  relative  intensity.  Such  lines,  as 
the  subsequent  photographs  show,  pass  through  a  maximum  of 
intensity  and  afterwards  reverse.  At  a  pressure  of  7  atmospheres 
the  bright  lines  are  broader  and  more  diffuse,  and  the  absorption 
lines  are  becoming  prominent.  It  is  evident  from  inspection 
that  many  of  the  reversals  are  not  symmetrical,  the  bright  line 
being  relatively  displaced  toward  the  red.  At  a  pressure  of  14 
atmospheres  the  dark  lines  have  become  very  conspicuous,  and 
many  of  the  bright  lines  have  almost  disappeared.  Some  evi- 
dences of  a  continuous  spectrum  begin  to  appear  at  this  pres- 
sure. At  27  atmospheres  (in  carbon  dioxide)  the  continuous 
spectrum  is  quite  conspicuous.  The  absorption  lines  are  strong 
and  the  bright  lines  are  much  fainter  than  before.  At  53  atmos- 
pheres (also  in  carbon  dioxide)  the  bright  lines  have  practically 
disappeared  and  the  dark  lines  remain,  broad  and  diffuse,  on  a 
background  of  bright  continuous  spectrum.  At  this  pressure 
most  of  those  lines  whose  intensity  is  increased  at  moderate 
pressures  are  reversed,  and  the  relative  intensities  of  all  the  dark 
lines  closely  resemble  those  of  the  bright  lines  in  the  spectrum 
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of  the  iron  spark  at  atmospheric  pressure.  Even  at  the  highest 
pressures  very  few  lines  less  refrangible  than  X441 5  are  reversed. 
In  the  region  \48oo-\4900  there  are  several  strong  lines  unsym- 
metrically  broadened  in  carbon  dioxide  at  53  atmospheres,  and 
similarly  affected  in  water.  It  seems  to  be  true  that  the  order 
in  which  various  lines  reverse  is  not  precisely  the  same  in  gases 
as  in  liquids. 

A  careful  study  of  the  shifts  of  the  bright  and  dark  lines  at 
these  various  pressures  has  brought  out  certain  facts,  which  are 
of  interest  in  connection  with  the  results  obtained  by  Humphreys 
and  Mohler  on  the  low  potential  discharge  in  air  at  high  pres- 
sures, and  our  own  results  on  the  spectra  of  high  potential  dis- 
charges in  liquids.  The  following  tables  contain  measures  of  a 
few  lines  which  may  be  regarded  as  fairly  typical.  Table  I 
gives  the  shifts  of  certain  lines  in  the  spectrum  of  a  spark 
between  iron  poles  in  water,  resulting  from  changes  of  self- 
induction  in  the  discharge  circuit.  In  this  series  the  length  of 
the  water  spark  was  0.3mm  ;  air  spark  10mm;  diameter  of  ter- 
minals (flat  ends)  in  water  2.3mm;  diameter  of  terminals 
(rounded  ends)  in  air  4  mm ;  metal  in  both  cases  Bessemer  steel  ; 
electric  fan  used  to  prevent  arcing  at  air  gap ;  distance  of  ter- 
minals below  surface  of  water  56mm;  15,000  volt  transformer; 
capacity  in  discharge  circuit  0.0066  microfarad.  The  shifts  of 
the  lines  toward  the  red  are  expressed  in  tenth-meters,  and  are 
positive  unless  otherwise  indicated.  The  types  of  the  lines,  as 
indicated  below,  are  given  in  parentheses. 

(1)  =  narrow  emission  line. 

(2)  abroad  symmetrical  emission  line. 

(3) abroad  emission  line,  diffuse  toward  red. 

(4)  =  symmetrical  absorption  line. 

(5)  =  absorption  line  superposed  symmetrically  on  broad  emission  line. 

(6)  =  absorption  line  superposed  on  broad  emission  line,  which  is  strong- 
est on  red  side. 

(7)  =  similar  to  (6),  but  with  violet  component  of  bright  line  lacking. 

E  signifies  that  the  measured  shift  refers  to  an  emission  line, 
A  that  it  refers  to  an  absorption  line.  In  lines  of  types  (6)  and 
(7)  both  the  emission  and  absorption  components  may  be  meas- 
ured. In  such  a  case  the  measurement  of  the  red  component 
(the  violet  component  is  not  measured)  of  the  emission  line  does 
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not  give  the  true  shift  of  the  line,  since  the  setting  is  made  at 
the  center  of  that  part  of  the  line  which  lies  on  the  red  side 
of  the  absorption  line.  Such  measures  are  given  here  incident- 
ally only  because  of  their  previous  use  by  Wilsing. 

TABLE  I. 

IRON    SPARK    IN    WATER. 

Shifts  corresponding  to  changes  of  self-induction  in  discharge  circuit. 


Plate  Number 

659 

651 

650 

658 

666 

665 

Self-Induct  km 
Henries 

0.000426 

c. 0003x0 

0.000x61 

0.000080 

0.00004a 

0.0 

Wave-Length 

Inten- 
sity 

3606.85 

3765.70 
3«i599 
3827.98 

4063.75 
4294.32 
4308 . 06 
432594 

6 

5 
9 
9 

10 

6 

10 

10 

/.  m. 

(2)0.01  E 

(2)  .02  E 

(3)  .05  A 
(3)    .02  2s 

(2)    .03  is 
(2)    .02 E 

(2)  .02 E 

(3)  -02 E 

/.  m. 

(2)0.02  E 

(2)  .03  E 

(3)  .07  £ 
(3)    .05  ^ 

(2)    .02  £ 

(2)  .02  E 

(3)  .05^ 
(3)    .04  E 

/.  m. 
(2) 0.04  E 

(2)  .01  E 

(3)  .12E 
(2)    .09  £ 

(2)    .04  E 

/.  m.      \       t.  m. 
(2)0.08^(2)0.14^ 

(2)    .09  E  (2)    .10  E 
(6)     .00/1(6)    .01  A 
(7)-  .01  A  (6)    .00  A 

•35^ 
(6)     .06 //(6)     .02/* 
(2)    .02  £(2)    .06  E 
(6)-.o5//|(6)-.oi  A 
(6)-  .01  A\{o)-.o^A 

/.  m. 
(7)-o.oi  A 

.2%E 

(3)  .21  is 
(6)    .03/* 

(4)  .02/1 

(4)    .02  A 

(2)    .06  E 
(2)    .03  E 

(6)    .02/* 
(6)    .01  A 

TABLE  II. 

IRON    SPARK    IN   AIR   AND   COa. 

Shifts  corresponding  to  pressures  ranging  from  3  to  53  atmospheres. 


Plate  Number 

84a 

839 

833 

853 

852 

Pressure  in 
Atmospheres 

Air 
3 

Air 
7 

Air 
14 

co8 

1         27 

co2 

53 

Wave-Length 

Intensity 

(4)  0.05  A 
(4)     .07^ 

(4)  .08// 
1(6)     .07// 

(5)  .10  A 

](2)      .21  A 
(5)      -12// 
,(5)       oq  A 

3606.85 

3765.70 

381599 
3827.98 
4063.75 
4294.32 
4308 . 06 
4325-94 

6 

5 

9 

9 

10 

6 

10 
10 

/.  m. 
(2)0.06  £ 

(2)     .09  £ 

(6)     .04  A 
(2)     .11  E 
(2)     .07  E 
(2)     .04  E 
(2)     .09  £ 
(2)    .07  £ 

/.  m. 

(2)0.14  A 

(2)      .15^ 

(6)    .01  A 
(6)    .06  A 
(5)    .06// 
(2)    .09  t 
(5)    .08/* 
(5)     -04^ 

/.  m. 

(7)0.05  A 

•  39  £ 

(7)    -os  A 

■33  A 

(6)    .08// 
(6)     .10A 
(5)     .07// 
(2)     .lb£ 
(5)     .oq  A 
(5)     .10/1 

/.  VI. 
(4)0.12  // 

(4)    .12/1 
(4)     .14// 

(4)  .20// 

(5)  .18,/ 

(5)    -I* -4 
(5)     .22  A 

Table  II  contains  the  shifts  of   the  same  lines  as  observed   at 
pressures  of   3,  7,  and    14  atmospheres  in  air,  and  at  27  and    53 
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atmospheres  in  carbon  dioxide.  The  constants  of  the  circuit 
were  the  same  as  in  the  case  of  water,  except  that  the  external 
air  gap  was  5  mm  long. 

As  Humphreys  and  Mohler  have  shown,  the  reversals  in  the 
case  of  the  arc  in  air  at  high  pressures  are  generally  symmetrical, 
the  absorption  lines  being  displaced  toward  the  red  equally  with 
the  emission  lines.  In  the  case  of  the  spark  in  water  we  have 
found,  as  the  table  shows,  that  the  absorption  lines  are  but  little 
displaced  toward  the  red,  though  they  sometimes  have  a  small 
apparent  displacement  toward  the  violet.  The  emission  lines, 
however,  are  considerably  displaced  toward  the  red,  and  this 
displacement  increases  as  the  self-induction  in  the  discharge  cir- 
cuit decreases.  A  knowledge  of  the  true  displacement  of  the 
bright  lines  is  obtained  from  a  study  of  those  lines  which  do  not 
reverse  before  the  last  stages  of  the  process  are  reached.  Thus 
the  errors  resulting  from  the  presence  of  the  absorption  lines  are 
avoided.  At  moderate  pressures  the  absorption  lines  are  dis- 
placed less  than  the  bright  lines,  though  their  displacements  are 
considerably  greater  than  in  the  spectrum  of  the  spark  in 
liquids. 

These  are  only  a  few  of  the  lines  which  we  have  already 
measured,  but  much  additional  material  will  be  required  before 
the  results  can  be  discussed  satisfactorily.  It  may  be  noted, 
however,  that  the  relative  shifts  of  several  lines  in  air  and  water 
indicate  that  the  pressure  produced  by  our  iron  spark  in  water 
(no  self-induction  in  the  discharge  circuit)  is  much  less  than 
Wilsing's  value  of  several  hundred  atmospheres.  An  extension 
to  high  pressures  of  the  law  connecting  pressure  and  displace- 
ment will  be  possible  as  soon  as  a  complete  series  of  spectra  has 
been  obtained  in  a  single  gas.  But  on  account  of  the  lack  of 
agreement  among  the  shifts  obtained  for  different  lines,  and  the 
possibility  that  in  the  high  potential  discharge  the  pressure  of 
the  gas  is  not  the  sole  controlling  factor,  it  is  hoped  that  the 
present  work  may  be  supplemented  by  an  investigation  of  the 
discharge  at  potentials  ranging  from  1 10  volts  to  15,000  volts. 

Vkrkes  Observatory, 
February  1 1,  190;. 


Minor  Contributions  and  Notes. 


REPLY  TO  E.  VON  OPPOLZER'S  REMARKS  ON  BIGELOW'S 
"ECLIPSE  METEOROLOGY."  f 

On  p.  738  of  Astronomy  and  Astro-Physics,  12,1893,  K.  von  Oppol- 
zer  writes  :  "Assuming  that  the  solar  atmosphere  is  made  up  of  hydro- 
gen, the  diminution  of  temperature  per  second  [1*  =  7208601x1]  is 
$  =  137400.  At  a  distance  of  one  second  above  the  photosphere,  we 
have, therefore, a  prevailing  temperature  140000  lower  than  on  the  sur- 
face of  the  photosphere."  Inasmuch  as  the  prevailing  temperature 
of  the  photosphere  is  by  general  consent  in  the  neighborhood  of 
7ooo°C,  this  statement  is  so  far  in  error  as  to  discredit  the  theory 
upon  which  the  result  is  based.  His  description  in  the  note  mentioned 
of  the  work  summarized  in  my  Eclipse  Meteorology,  pp.  77-83,  is  hope- 
lessly in  error,  and  the  reader  is  referred  to  my  original  text.  There 
should  be  no  difference  of  opinion  about  the  deduction  of  the  formulae 
employed,  as  they  follow  the  lines  laid  down  in  my  reports,  Interna- 
tional Cloud  Observations,  1898,  pp.  487-490,  or  Barometry  of  the  United 
States,  1902,  chap.  2,  which  is  common  meteorology.  Since  the 
height  of  a  homogeneous  atmosphere  on  the  Sun  has  a  fundamental 
bearing  in  the  studies  of  the  pressures  and  temperatures  of  the  solar 
atmosphere,  it  may  be  proper  to  deduce  this  constant  again,  and  to 
explain  the  terms  that  enter  into  it.  A  homogeneous  atmosphere  is  one 
which  has  throughout  its  length  a  constant  mass  per  unit  volume,  this 
mass  being  that  of  the  lowest  cubic  volume  of  the  gas  composing  the 
atmosphere  itself,  and  the  total  pressure  being  that  of  the  actual 
atmosphere.  In  the  case  of  the  Earth  this  pressure  is,  in  units  of 
weight, 

p  =  <rmB,t  —  13595.8  X  0.760        in  kilograms/meter2, 
=  <r0l      =1.29305  X  799I-°4< 

where  <rm,  a0  are  the  weights  of  the  unit  volume  of  mercury  and  air, 
and  B„,  /the  heights  of  the  homogeneous  columns,  respectively. 

Similarly  the  terms  may  be  computed  for  a  hydrogen  atmosphere 
on  the  Sun,  as  follows:     To  deduce  the  mass  of  the  unit  volume  at  the 

'ASTROPHYSICAL  JOURNAL,  16,  334,  1902. 
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Sun  from  the  terrestrial  constants,  we  must  take  the  pressure  and  tem- 
perature of  the  Sun's  photosphere.  Gravity  is  g  —  2^.6  goy  and  the 
temperature  I  have  assumed  to  be  7535°  =  27.6  X  273,  or  T=  27.67;. 
There  are  two  reasons  for  using  T—  7535°C:  (1)  The  computed  tem- 
perature of  the  solar  surface  hovers  around  7ooo°C,  while  the  figure 
7535  "serves  to  systematize  the  solar  and  terrestrial  constants,  for 
hydrogen  and  air  respectively,  in  a  single  numerical  scheme,"  as  given 
on  p.  77.  (2)  The  observed  ordinates  of  the  normal  solar  spectrum, 
from  Professor  Langley's  results,  in  the  region  of  the  wave-lengths 
1.5 /m  to  1.7  fx  are  longer  than  correspond  to  radiation  temperatures  of 
less  than  Z,=  7535°.  There  seem  to  be  certain  waves  which  pass 
through  both  the  solar  and  terrestrial  envelopes  without  depletion, 
and  which  will  not  match  any  lower  temperature  curves.  This  is 
shown  in  the  Monthly  Weather  Reviews  December  1902.  Taking  the 
usual  notation,  Earth  {P0,  Tc1  <r0,g0),  Sun  (P,  T,  <r,  g)y  we  have 

P.  =  go<rm  Bn  for  the  Earth, 

and  P  =  27.6  g0<rmB„  for  the  Sun. 

Since  the  density  varies  by  the  formula, 

P  Ta  2-j.6P0  T0 

<*  —  <r0  -^  ~r   -  <To  


9 P0  T         °      P0  27.67; 

it  is  inferred  that  we  can  use  the  terrestrial  densities  on  the  Sun  for 
the  temperature  T—  7535°,  and  thus  unify  the  two  systems  in  one 
numerical  scheme.  It  is  evident  that  I  have  not  omitted  the  gravity 
factor  in  g  —-  n  .  gJt  as  von  Oppolzer  stated  in  his  notes. 

For  the  homogeneous  atmosphere  of  hydrogen  we  have,  by  the 
thermodynamic  and  the  dynamic  formulae,  respectively, 

/=  RT-^  420.552  X  7535  —  3l6886°  m  » 
and  /=  „_mBM_X2 7.6    __  13595,8  X^76o  X  2?._6  ^  ^ 

<r„  0.089996 

I  fence  the  barometric  constant  for  common  logarithms  is  K  =  — 
=  7296570,  as  used  in  my  formulae. 

On  p.  77  there  are  numerous  checks  by  cross-computations  among 
the  formuhe,  and  the  numbers  are  consistent  with  one  another.  From 
this  point  onward  the  discussion  follows  well-known  lines,  and  they 
need  not  be  indicated  more  fully.  My  results  vary  somewhat  in  detail 
from  Fcnyi's,  but  generally  agree  closely  enough  to  say  that  we  have 
reached  similar  conclusions  by  different  methods. 

It  should  be  noted  that,  if  a  pressure  of  live  atmospheres  be  assumed 
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for  the  upper  strata  of  the  photosphere,  the  computed  diminution  of 
pressure  outward  seems  to  be  in  harmony  with  the  observed  extent  of 
the  inner  corona.  Also,  from  these  data  one  may  compute  the  pres- 
sures on  the  inner  strata  below  the  surface  of  the  photosphere,  assum- 
ing the  structure  to  be  arranged  practically  in  adiabatic  layers,  and 
thus  construct  an  approximate  solar  meteorological  system.  It  is  very 
desirable  to  determine  whether  this  use  of  the  temperature  T=  75350 
is  not  permissible  from  the  observational  data.  It  would  make  the 
solar  constant  at  the  Earth  about  4.0  gram-calories  per  minute,  and 
there  are  reasons  for  thinking  it  is  higher  than  3.0  gram-calories. 
Indeed,  there  are  several  directions  in  which  these  constants  can  be 
utilized,  unless  my  suggestion  meets  with  well  considered  objections. 

Frank   H.  Bigelow. 
Weather  Bureau, 
January  5,  1903. 

CORRECTION. 

In  the  December  number,  p.  337,  of  the  Astrophysical  Journal, 
the  visual  rediscovery  of  Eros  last  August  at  the  Chamberlin  Observa- 
tory of  the  University  of  Denver  was  attributed  to  me.  The  redis- 
covery was  really  made  by  Dr.  Charles  J.  Ling,  to  whom  the  credit  is 

due. 

Herbert  A.  Howe. 


ERRATA. 

Astrophysical  Journal,  Vol.  16,  November  1902  : 

Page  189,  third  line  from  foot,  for  63300,  read  63300  ir. 
190,  fourth  line  from  foot,  for  r,  read  z. 
190,  fourth  line  from  foot,  fox  7,  read  7'. 

190,  last  line,  for  (w'-w3),  read  (m7  —  n2)'. 

191,  sixth  line  from  top,  for  zenf  read  2  en. 

Vol.  16,  December  1902  : 

In  equation  (23)  the  first  term  within  the  bracket  =  D,  should  be  written  -  f> 

P*  2 

instead  of  p  and  the  second  term  should  be  —  instead  of  p. 

In    the   three  equations   following  (31)  for  0max  =  2°   20'    and  0max  =6°,  read 
0max  =  o°22  and  0max  —  0°6  respectively. 


Vol.  17,  No.  I,  January  1903  : 

Plate      I,  exchange  —  15'  and  +  15'. 

Ill,  for  Light  Curve,  read  Velocity  Curve. 
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THE    EVOLUTION    OF   SOLAR   STARS.1 

By  Arthur   Schuster. 

The  contemplation  of  our  solar  system,  in  which  a  number 
of  planets  move  around  the  Sun  in  the  same  direction,  and 
nearly  the  same  plane,  gave  rise  to  the  idea  that  our  Sun  has 
gradually  condensed  from  a  nebulous  mass.  This  idea  was  con- 
firmed by  the  discoveries  of  the  telescope,  which  enabled  men 
to  see  nebulous  masses  suspended  in  the  sky,  some  spread  out 
irregularly,  some  in  spiral  forms  with  denser  portions,  and  some 
of  globular  shape,  with  a  starlike  nucleus  in  the  center.  It  was 
clearly  a  tempting  subject  to  astronomers  and  others  to  speculate 
on  the  gradual  formation  of  the  stars  out  of  the  original  nebu- 
lous chaos.  No  wonder,  then,  that  the  interest  which  had  been 
aroused  by  Kant  and  Laplace,  when  they  formed  their  celebrated 
Nebular  Hypothesis,  has  been  growing  steadily,  especially  since 
the  spectroscope  gave  us  the  means  of  studying  the  material  out 
of  which  the  stars  are  formed. 

The  readers  of  this  Journal  must  all  be  familiar  with  the 
main  facts  of  stellar  spectroscopy  and  the  general  idea  of  stellar 

x  Read  before  the  Royal  Philosophical  Society  of  Glasgow,  November  6,  1 901. 
Revised  for  publication  in  the  Astrophysical  Journal,  January  1903. 
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evolution  which  these  facts  have  suggested.  Everyone  recog- 
nizes that  some  kind  of  evolution  is  clearly  indicated  by  the 
manner  in  which  star  spectra  classify  themselves  into  groups 
which,  though  distinct,  are  yet  connected  with  each  other  by 
intermediate  types.  But  while  agreeing  on  a  general  process  of 
evolution,  there  is  still  a  good  deal  of  room  for  differences  of 
opinion  on  the  life-histories  of  particular  stars.  One  of  the 
important  questions  which  may  be  raised  is  this :  Does  each 
star  or,  at  any  rate,  the  great  majority  of  them,  pass  through 
each  of  the  stages  of  a  uniform  evolution?  Has,  for  instance, 
our  Sun  at  one  time  given  a  spectrum  identical  with  that  of  a 
Leonis?  Further,  are  we  justified  in  concluding  that  all  stars 
are  made  up  of  the  same  chemical  elements  in  the  same  pro- 
portion ?  And  lastly,  admitting  a  uniform  evolution,  what  is 
the  meaning,  as  the  star  grows  older,  of  the  gradual  displace- 
ment of  the  hydrogen  in  its  atmosphere,  first  by  calcium,  and 
ultimately  by  iron  and  other  metals  ? 

Before  we  enter  into  a  fuller  discussion  of  these  points,  I 
shall  briefly  review  the  methods  of  experimental  investigation 
which  are  at  our  disposal.  The  simple  spectroscopic  analysis, 
which  only  tells  us  of  the  presence  of  an  element,  is  now  com- 
plicated, but  improved,  by  the  observed  fact  that  spectra  are  found 
to  vary  according  to  the  experimental  conditions.  If  we  volatilize 
a  metal  by  a  powerful  spark,  it  sends  out  waves  which  are  dif- 
ferent from  those  which  are  seen  with  a  weak  spark ;  and  if  we 
replace  the  spark  by  the  voltaic  arc,  which  volatilizes  more 
material,  but  is  probably  at  a  lower  temperature,  or  by  the  oxy- 
hydrogen  flame,  distinct  differences  due  to  the  different  condi- 
tion of  the  luminous  vapor  generally  appear  in  the  spectra. 
Opinions  are  not  quite  concordant  as  to  the  cause  of  these 
differences,  how  far  they  depend  on  temperature  simply,  and 
how  far  pressure  and  density  may  affect  them ;  or  whether, 
finally,  the  dissociating  power  of  high  electric  tension  may  alone 
be  sufficient  to  explain  the  observed  facts.  The  metallic  absorp- 
tion in  the  solar  spectrum  seems  roughly  to  correspond  to  that 
of  our  electric  arc,  while,  according  to  Sir  Norman  Lockyer,  the 
metallic  lines  seen  in  the  groups  of  stars  intermediate  between 
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the  helium  and  solar  spectrum,  correspond  more  closely  to  the 
spectra  observed  in  our  strongest  spark  discharges. 

In  addition  to  the  changes  which  are  produced  by  tempera- 
ture and  density,  we  have  an  effect  due  to  pressure,  which  con- 
sists in  a  slight  lengthening  of  the  waves  sent  out  by  the 
molecules.  This  effect,  which  was  discovered  by  Messrs.  Mohler 
and  Humphreys,  allows  us  to  determine  that  the  pressure  to 
which  the  vapors  in  the  Sun  are  subjected  is  somewhere  between 
two  and  seven  atmospheres. 

The  investigation  of  thermal  radiation  forms  another  avenue 
through  which  we  may  approach  the  all-important  question  of 
the  surface  temperature  of  the  stars.  It  is  only  quite  recently 
that  Mr.  E.  F.  Nichols  has  succeeded  in  comparing  the  total  heat 
radiation  of  some  of  the  brightest  stars.  Vega  and  Arcturus 
judged  by  the  eye  have  the  same  magnitude,  which  means 
that  the  same  amount  of  that  radiation  which  affects  our  eyes 
reaches  us  from  each  of  these  two  stars.  But  when  measured  by 
an  instrument  which  is  sensitive  to  all  radiation,  Arcturtis  is 
found  to  have  more  than  double  the  intensity.  As  the  propor- 
tion of  total  radiation  to  luminous  radiation  diminishes  with 
rising  temperature,  this  would  indicate  a  lower  temperature  for 
Arcturus,  and  confirm  the  conclusion,  arrived  at  on  other  grounds, 
that  the  hydrogen  stars  have  a  higher  surface  temperature  than 
the  solar  stars.  Without  actual  measurements,  we  may  derive 
the  same  result  from  an  inspection  of  the  ultra-violet  region  of 
the  spectrum.  This  region  is  made  up  of  rays  which  are  too 
short  to  affect  our  retina,  but  which  produce  a  photographic 
effect,  and  ought  to  be  stronger  and  more  extended,  the  higher 
the  temperature  of  the  radiating  body.  We  find  that  in  general 
the  hydrogen  stars  are  those  which  are  richest  in  this  ultra- 
violet light. 

These  different  lines  of  argument,  all  leading  to  the  same 
result,  justify  us  in  saying  that  the  surface  temperature  of  the 
hydrogen  stars  is  higher  than  that  of  the  solar  stars.  An 
extension  of  the  same  reasoning  leads  to  the  belief  that  the 
helium  stars  have  a  temperature  which  is  higher  still. 

The    outward    appearance    and   internal    constitution    of   the 
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stars  is  not  solely  defined  by  the  temperature  of  their  surface, 
and  we  are  in  some  cases  in  possession  of  important  information 
concerning  their  size,  mass,  and  density.  Doppler's  principle  has 
received  important  applications,  and  will  probably  yield  further 
results.  It  might,  e.  g.,  give  us  some  indications  whether  any 
star  is  near  the  point  at  which  instability  sets  in  owing  to  cen- 
trifugal force. 

Were  a  star  to  revolve  around  an  axis  which  does  not  point 
toward  the  Earth,  and  with  sufficient  velocity  to  be  near  the 
point  at  which  it  could  throw  off  a  planet  or  break  up  into  two 
stars,  we  could  not  fail  to  notice  it  by  the  broadening  of  its 
lines;  but  at  present  there  seems  little  hope  that  we  shall  ever 
witness  so  interesting  an  event  as  the  formation  of  a  double  star 
out  of  one  rotating  body.1  Yet  there  are  several  cases  of  double 
stars  where  the  two  bodies  must  be  nearly  in  contact  with  each 
other,  and  some  of  these  must  have  been  formed,  not  so  very 
long  ago,  by  the  splitting  up  of  a  single  rotating  mass. 

Passing  on  to  the  light  thrown  by  theoretical  investigations  on 
the  constitution  of  stars  and  other  systems,  I  must  notice  in  the 
first  place  those  researches  which  refer  to  the  internal  state  of 
gaseous  masses  condensing  under  the  action  of  gravitational 
forces.  A  mass  of  gas  sufficiently  great  to  collect  into  a 
globular  body  will  be  denser  at  the  center  than  near  the  surface, 
because  the  whole  weight  of  the  outer  layer  will  cause  pressure, 
and  therefore  increased  density  of  the  central  portions.  As 
regards  the  temperature,  we  might  suppose,  in  the  first  place, 
that  there  is  no  difference  throughout  the  mass ;  but  even  if  this 
were  the  case  at  any  one  time,  it  could  not  long  remain  so.  If 
the  gas  be  warmer  than  the  surrounding  space,  radiation  will  take 
place,  accompanied  necessarily  by  a  lowering  of  temperature  in 
some  parts,  and  consequently  the  setting  up  of  ascending  or 
descending  convection  currents.  These  convection  currents 
will  ultimately  establish  a  distribution  of   temperature   which   is 

'(Note  added  February  1903.)  Is  it  possible  that  the  phenomena  of  so-called 
new  stars  may  be  due  to  the  sudden  violent  disturbance  produced  by  the  formation 
of  a  double  star?  In  such  a  splitting  up,  gases  which  are  enormously  hotter  than 
the  surface  gases  must  suddenly  be  brought  to  the  surface. 
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not  uniform,  and  has  been  named  by  Lord  Kelvin  the  "convec- 
tive  equilibrium. " 

If  a  star  is  a  mass  of  gas  in  a  state  of  convective  equilibrium, 
its  temperature  must  increase  downward.  The  rate  of  increase 
depends  to  a  great  extent  on  the  internal  constitution  of  the 
molecules.  At  places  where  the  gravitational  attraction  is  the 
same,  the  increase  of  temperature  with  depth  is  proportional  to 
the  molecular  weight  multiplied  by  a  number  which  is  0.4  in  the 
case  of  gases  like  mercury  vapor,  containing  one  atom  in  each 
molecule,  and  about  0.3  in  the  case  of  gases  which  contain  two 
atoms  in  a  molecule.  But  as  it  is  exceedingly  likely  that  at  the 
temperature  of  the  stars  all  molecules  are  monatomic  like  mer- 
cury vapor,  we  may  base  our  calculations  on  that  assumption. 
The  investigations  of  Homer  Lane,  Ritter,  and  Lord  Kelvin 
allow  us  to  solve  the  problem  of  the  distribution  of  temperature 
and  density  within  a  star,  assuming  the  interior  to  behave  like  a 
perfect  gas  in  a  state  of  convective  equilibrium.  Lane  was  the 
first  to  see  the  importance  of  a  conclusion,  which  may  appear 
paradoxical  at  first  sight,  but  which  is  based  on  strict  mathemati- 
cal reasoning.  According  to  him,  a  star,  while  it  radiates  heat 
into  space,  does  not  cool,  but  actually  becomes  hotter,  and  this 
is  due  to  the  fact  that  the  contraction,  which  accompanies  the 
loss  of  heat,  is  accompanied  by  an  evolution  of  heat  which  more 
than  compensates  for  the  loss.  We  may  imagine  radiation  to 
take  place  chiefly  from  the  outside,  and  there  would  no  doubt  be 
a  lowering  of  the  temperature  in  these  outer  layers,  if  all  convec- 
tion currents  were  artificially  stopped.  But  at  the  same  time  the 
contraction  of  the  outer  shell,  inclosing  the  deeper  layers,  would 
cause  a  rise  in  temperature  in  the  inside,  and  consequently  a 
disturbance  of  the  thermal  equilibrium.  This  could  be  re-estab- 
lished only  by  convection  currents,  which  would  supply  the 
lost  heat  to  the  outer  layers.  Calculation  shows  that  the  tem- 
perature of  the  center  of  a  star  increases  in  the  same  proportion 
as  the  diameter  of  a  star  diminishes  ;  but  it  must  be  clearly 
understood  that  all  these  conclusions  are  based  on  the  supposi- 
tion that  the  whole  mass  of  the  star  behaves  like  a  perfect  gas,  a 
supposition  which  fails  to  be  true  at  the  surface  of  a  star,  and 
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also  near  its  center,  but  probably  holds  very  nearly  in  the  inter- 
mediate layers. 

If  a  star  contained  only  perfect  gases,  its  surface  would  be 
formed  where  the  absolute  zero  of  temperature  is  reached.  But 
the  metallic  vapors  which  to  a  great  extent  compose  the  stars 
condense  into  a  liquid  at  a  temperature  of  more  than  1,000° 
above  the  absolute  zero,  and  we  must  therefore  imagine  the 
boundary  of  the  stars  to  be  formed,  not  at  the  zero  of  tempera- 
ture, but  at  the  place  where  a  cloud-like  condensation  of  vapors 
takes  place,  the  temperature  of  these  clouds  being  probably 
somewhere  between  4,000°  and  20,000°  C.  This  formation  of 
clouds,  though  it  precludes  us  from  applying  Lane's  results  to 
the  outer  layers  of  stars,  does  not  affect  his  calculations  as  to 
their  internal  constitution,  which  probably  give  us  a  good  repre- 
sentation of  the  state  of  a  star  from  the  photosphere  down  to 
considerable  depths.  Ultimately,  and  especially  in  the  case  of 
stars  which  are  already  advanced  in  their  condensation,  the  equa- 
tions will  fail,  because  when  the  molecules  of  a  gas  become  as 
near  to  each  other  as  they  are  in  liquids,  molecular  forces  come 
into  play,  which  prevent  the  gases  from  behaving  in  the  ideal 
manner  of  a  perfect  gas.  The  molecular  forces  diminish  the 
compressibility,  and  ultimately  the  heat  which  is  generated  by 
compression  will  fail  to  compensate  for  the  heat  lost  by  radia- 
tion. When  that  period  has  been  reached  the  star  will  begin  to 
cool,  pass  into  the  liquid  state,  and  soon  cease  to  be  lumi- 
nous. 

The  questions  which  meet  us  when  we  try  to  interpret  stellar 
spectra  will  be  more  easily  understood  after  we  have  examined 
more  closely  what  happens  on  the  surface  of  the  Sun.  We  may, 
in  the  first  place,  inquire  with  advantage  whether  our  knowledge 
of  the  constitution  of  that  body  supplies  us  any  arguments  for  or 
against  the  theory  of  convective  equilibrium,  as  presented  to  us 
by  Lane  and  Ritter.  I  have  calculated,  chiefly  from  the  data 
supplied  by  Ritter,  the  density,  the  pressure,  and  the  tempera- 
ture of  the  inside  of  a  star  having  the  same  mass  and  size  as  the 
Sun,  and  behaving  like  a  perfect  gas  in  a  state  of  convective 
equilibrium.     The  numbers  are  given  in  the  accompanying  table. 
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A  simple  calculation  allows  us  to  extend  the  results  to  a  period 
of  time  when  the  Sun  had  a  larger  diameter.  The  first  column  of 
the  table  defines  the  position  of  the  different  layers  in  terms  of 
the  fraction  obtained  by  dividing  the  distance  of  any  layer  from 
the  center,  by  the  distance  of  the  uppermost  layer.  The  second 
column  gives  the  density,  and  the  third  the  pressure  in  mega- 
dynes  per  square  centimeter,  that  unit  being  very  nearly  equal  to 
our  atmosphere.  The  last  column  shows  the  temperature,  which 
depends,  however,  on  the  nature  of  the  gas ;  the  numbers  given 
apply  to  hydrogen,  assuming  it  to  retain  its  biatomic  constitu- 
tion, and  should  in  other  cases  be  multiplied  by  the  molecular 
weight.  Thus  assuming  the  whole  of  the  inside  of  the  Sun  to  be 
made  up  of  hydrogen  split  up  into  monatomic  elements,  the  tem- 
perature at  the  center  would  be  12,000,000  degrees.  If  made  up 
entirely  of  monatomic  iron,  the  temperature  would  have  fifty-six 
times  that  value.  To  apply  the  table  to  a  previous  period  in  which 
the  diameter  of  the  Sun  was,  e.g.,  twice  as  great,  we  should  have 
to  divide  the  second  column  by  8,  which  is  the  cube  of  2,  the 
third  column  by  16,  which  is  the  fourth  power  of  2,  and  our  fourth 
column  by  2.  It  is  a  curious  fact,  which  is  not  perhaps  without 
significance,  that  the  central  density  of  the  Sun,  as  calculated  on 
the  assumption  of  its  being  a  perfect  gas,  is  only  very  little  in 
excess  of  the  density  which,  according  to  the  most  careful  recent 
estimate,  is  to  be  ascribed  to  the  central  portion  of  the  Earth, 
and  again  that  that  estimate  is  very  little  in  excess  of  the  density 
of  solid  iron. 

GASEOUS    SPHERE    IN    CONVECTIVE    EQUILIBRIUM. 

Total  mass  =  mass  of  Sun  =  2  X  1  o33  grams. 
a  =  molecular  weight  compared  to  hydrogen. 
R  =  radius  of  sphere. 
=  700,000/  /3  kilometers, 

where  £  is  a  factor  which  is  equal  to  unity  in  the  case  of  the 
Sun. 
r=  distance  from  center. 
x-r/R. 
Mean  density  =  1.406 //P. 
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X 

03  X  Density 

04  X  Pressure  in  Dynes 
per  Square  Centimeter 

Temperature 

0 

8.44 

8.65  X  I0»5 

24.60  X  IO6Xa/0 

O.I 

8.17 

8.IQ 

24.06 

0.2 

7-39 

6.93 

22.51 

0.3 

6.23 

5.21 

20.07 

0.4 

4.88 

3-47 

17.07 

0.5 

3-54 

2.03 

13-77 

0.6 

2-33 

1. 01 

IO.43 

0.7 

1.36 

O.4I 

7.28 

0.8 

0.65 

0.12 

4-45 

0.9 

0.20 

0.017 

2.02 

1.0 

0.00 

0.00 

0.00 

If  it  is  allowable  to  imagine  the  Sun  to  consist  chiefly  of  iron 
vapor,  that  vapor,  when  above  the  so-called  critical  temperature, 
might  be  expected  to  follow  the  laws  of  a  gaseous  compressibility 
until  the  density  is  nearly  equal  to  that  of  liquid  iron,  and,  what- 
ever the  temperature,  we  shall  not  be  able  to  compress  gaseous 
iron  to  a  density  greater  than  that  of  solid  iron.  It  is  also 
allowable  to  conclude  from  this  reasoning  that  the  distribution 
of  density  in  the  interior  of  the  Sun  is  not  very  much  different 
from  that  indicated  in  the  table,  being  probably  rather  less  in 
the  central  portions,  and  hence  rather  greater  in  the  outer  por- 
tions of  the  solar  mass. 

Though  the  distribution  of  density  and  pressure  in  the  interior 
of  a  star  is  probably  fairly  well  represented  by  the  table,  the 
temperature  almost  certainly  is  considerably  less  through  the 
greater  portion  of  the  mass.  The  failure  of  our  equations  in  this 
respect  is  due  to  diminished  compressibility,  and  also  to  our 
having  left  all  effects  of  radiation  and  conduction  of  heat  out 
of  consideration.  The  effects  of  conduction  will  be  most  marked 
where,  owing  to  increased  density  and  diminished  gravitational 
attraction,  the  convection  current  becomes  less  effective,  as  for 
instance  near  the  center  of  the  star.  The  effects  of  radiation 
will  be  most  marked  near  the  surface,  and  especially  in  those 
portions  of  the  star  which  lie  above  the  cloudy  condensations 
which  we  have  considered  to  make  up  its  surface.  Gases  like 
hvdroijfen  will  reach  to  some  height  above  the  surface,  and  form 
an   atmosphere   around    the   main    body   of    the   star.     Were     it 
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allowable  to  neglect  radiation  altogether,  these  gases  would  be  in 
convective  equilibrium  and  rapidly  diminish  in  temperature  as 
they  rise  above  the  surface;  they  could  not  in  fact  rise  much 
above  the  surface  before  they  would  be  reduced  to  the  zero  of 
temperature.1  The  fall  in  temperature  with  altitude  above  the 
surface  of  the  Sun  is,  according  to  calculation,  26x#  degrees 
centigrade  per  kilometer,  where  a  is,  as  before,  the  molecular 
weight.  Thus  for  monatomic  iron  vapor  the  diminution  in  tem- 
perature would  be  73,000°  C.  for  each  ioo  kilometers. 

It  may  not  be  unnecessary  to  say  a  few  words  as  to  the  evi- 
dence we  possess  that  the  convection  currents  which  play  so 
important  a  part  in  the  theoretical  investigation  actually  exist  in 
the  Sun.  The  surface  radiates  an  amount  of  heat  into  space  of 
which  we  can  form  a  very  fair  estimate  by  measuring  the  quan- 
titv  which  reaches  the  Earth.  The  number  so  obtained  is 
1,340,000,000  calories  per  square  meter  of  the  solar  surface,  the 
unit  of  heat  being  the  amount  necessary  to  raise  one  gram  of 
water  through  one  degree.  We  obtain  an  idea  of  what  that 
number  means  if  we  imagine  the  Sun  to  be  surrounded  by  a  shell 
of  ice ;  the  heat  supplied  by  radiation  could  melt  in  each  minute 
a  layer  of  ice  fifty-eight  feet  thick.  Or,  expressing  it  with  Lord 
Kelvin  in  terms  of  power,  we  may  say  that  the  solar  surface 
does  work  by  radiation  equivalent  to  131,000  horse-power  for 
each  square  meter  of  his  surface.  The  heat  thus  lost  by  radia- 
tion must  be  supplied  from  the  inside  of  the  Sun,  otherwise  the 
solar  surface  would  cool  down  in  a  fraction  of  a  second  to  a 
temperature  at  which  it  would  cease  to  be  luminous.  If  the 
heat  is  carried  from  the  inside  to  the  outside  by  convection  alone, 
the  velocity  of  the  currents  of  vapor  must  be  very  great.  Taking 
the  pressure  of  the  vapor  near  the  surface  to  be  one  atmosphere, 
we  may  say  that  all  the  heat  contained  in  a  layer  having  a  thick- 

1  (Note  added  February  1903.)  Unless  radiation  can  by  itself  alone  establish  a 
state  of  equilibrium,  convection  currents  must  still  take  place,  and  be  the  predominant 
factor  in  the  distribution  of  temperature.  Professor  Sampson  has  tried  to  establish  a 
state  of  temperature  for  the  case  of  radiation  alone,  but  his  distribution  is  unstable. 
As  far  as  my  present  results  go,  radiation  cannot  seriously  affect  the  temperature  dis- 
tribution in  the  inside  of  the  Sun,  unless  the  material  composing  it  is  very  much  more 
transparent  than  we  have  a  right  to  expect. 
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ness  of  370  meters  is  lost  by  radiation  in  each  second  of  time, 
and  this  number  does  not  depend  on  the  nature  of  the  vapor  or 
on  its  temperature.  A  layer  of  that  thickness  would  have  to  be 
replaced  by  convection  in  ev.ery  second  if  the  temperature  of 
the  surface  is  to  be  maintained.  From  this  I  calculate  that  if 
the  difference  in  pressure  between  the  descending  and  ascending 
currents  is  one  atmosphere,  the  velocity  of  the  convection  cur- 
rents must  be  616  meters  per  second,  or  about  1,000  miles  per 
hour.  These  up-and-down  draughts  of  vapor  must  take  place 
with  the  calculated  velocity,  unless  an  appreciable  portion  of  the 
heat  is  supplied  from  the  inside  in  some  other  way,  as  for 
instance,  by  radiation.  It  is  difficult  to  form  an  estimate  as  to 
how  far  radiation  can  help  to  keep  up  the  temperature  of  the  sur- 
face. I  have  made  some  calculations  on  that  point  which,  though 
they  have  yielded  interesting  results,  cannot  at  present  be 
expressed  in  definite  numbers.  It  is  sufficient  for  the  present 
argument  to  maintain  that,  even  if  radiation  takes  a  prominent 
part  in  the  determination  of  the  distribution  of  temperature,  we 
cannot  escape  the  conclusion  that  convection  currents  must 
bring  about  a  continuous  interchange  of  matter  between  the 
inside  and  outside  of  the  Sun.  This  theoretical  conclusion  is 
amply  confirmed  by  observation,  as  is  shown  by  the  violent 
motion  observed  in  the  chromosphere  and  prominences. 

In  the  solar  eclipse  which  was  observed  in  the  West  Indies  in 
the  year  1896  one  of  these  prominences  reached  to  a  distance  of 
140,000  miles.  This  is  by  no  means  the  greatest  height  that  has 
been  observed,  a  prominence  being  photographed  in  1895  DV 
means  of  an  ingenious  method  due  to  Professor  Hale,  which 
reached  to  a  distance  of  281,000  miles  from  the  Sun's  limb.  The 
rapidity  with  which  these  prominences  appear  to  rise  and  change 
their  appearance  is  not  perhaps  a  conclusive  proof  that  the  gases 
which  they  contain  move  with  great  velocity,  for  these  gases  are 
quite  possibly  always  present,  and  the  prominence  may  only  be 
a  sudden  lighting  up  of  the  gas,  or  the  rapid  transmission  of  an 
effect,  which  does  not  actually  require  the  transmission  of  a  mate- 
rial body.  But  the  tangential  velocities  observed  at  the  limb  of 
the    Sun    within    the  chromosphere    have    not  at  present    been 
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explained  in  a  satisfactory  way  except  by  assuming  that  there  is 
an  actual  motion  of  hydrogen  and  of  the  other  gases  which  form 
the  chromosphere.  This  tangential  motion  is  far  more  violent 
than  anything  which  is  required  for  the  convection  currents 
necessary  to  maintain  the  temperature  of  the  solar  surface.  Pro- 
fessor C.  A.  Young,  of  Princeton  University,  states  that  a  velocity 
of  a  hundred  miles  a  second  is  often  exceeded,  and  that  twice 
this  velocity  is  occasionally  reached.  There  can  hardly  be  a 
doubt  as  to  the  facts,  but  their  explanation  seems  to  me  more 
difficult  than  has  been  generally  recognized.  Professor  Young 
says  on  this  point  :z 

It  would  seem  that  thus  we  might  explain  how  the  upper  surface  of  the 
hydrogen  atmosphere  is  tormented  by  the  uprush  from  below,  and  how  gaseous 
masses  thrown  up  from  beneath  should,  in  the  prominences,  present  the 
appearances  which  have  been  described.  Nor  would  it  be  strange  if  veritable 
explosions  should  occur  in  the  quasi  pipes  or  channels  through  which  the 
vapors  rise  when,  under  the  varying  circumstances  of  pressure  and  tempera- 
ture, the  mingled  gases  reach  their  point  of  combination ;  explosions  which 
should  fairly  account  for  such  phenomena  as  those  represented  in  Figs.  69 
and  70,  where  clouds  of  hydrogen  when  thrown  to  an  elevation  of  more  than 
200,000  miles  with  a  velocity  which  must  have  exceeded,  at  first,  200  miles 
per  second,  and  very  probably  taking  into  account  the  resistance  of  the  solar 
atmosphere,  may,  as  Mr.  Proctor  has  shown,  have  exceeded  500  —  a  velocity 
sufficient  to  hurl  a  dense  material  entirely  clear  of  the  Sun's  attraction,  and 
send  it  out  into  space,  never  to  return. 

My  doubt  as  to  the  correctness  of  the  above  explanation  is 
based  on  the  fact  that  the  highest  velocity  that  a  gas  can  reach 
when  forced  to  move  by  differences  of  pressure  is  equal  to  the 
velocity  of  sound  in  the  gas,  where,  of  course,  the  temperature 
of  the  gas  has  to  be  taken  into  account  in  calculating  the  speed 
of  sound  waves.  In  order  that  a  velocity  of  100  miles  a  second 
may  be  possible  in  monatomic  hydrogen,  it  is  necessary  that  the 
temperature  of  the  gas  should  be  more  than  two  million  degrees, 
for  in  no  other  way  can  the  velocity  of  sound  in  hydrogen  reach 
so  high  a  value.2     On  the  other  hand,  if  at  a  temperature  of 

1  The  Sun,  p.  207. 

"The  velocity  of  sound  may  for  violent  disturbances  be  greater  than  that  calculated 
by  the  ordinary  formula,  but  there  is  reason  to  believe  that  the  calculated  velocity  can- 
not be  exceeded  many  times. 

(Note  added  February  1903.)     Since  the  above  was  written,  Professor  Julius,  of 
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10,000  C,  at  which  we  may  imagine  the  solar  surface  to  be,  a  gas 
can  rush  out  under  the  action  of  a  pressure,  however  great,  with 
a  speed  of  100  miles  a  second,  the  mass  of  its  molecules  must  be 
over  200  times  less  than  the  mass  of  the  hydrogen  atom  such  as 
we  know  it.  Sir  Norman  Lockyer  has  recently  expressed  the 
opinion1  that  the  true  spectrum  of  hydrogen  such  as  is  seen  in 
the  prominences  is  due,  not  to  the  hydrogen  atom  as  we  know  it, 
but  to  a  much  smaller  one,  derived  from  it  by  dissociation,  and 
he  has  estimated  this  smaller  atom  to  have  a  mass  about  sixty 
times  smaller  than  the  hydrogen  atom.  If  this  view  were  accepted 
the  difficulty  would  disappear,  and  the  observed  high  velocities 
might  be  explained  by  internal  pressure.  But  there  is  a  difficulty 
in  believing  such  small  masses  to  be  capable  of  emitting  visible 
radiations. 

Leaving  out  of  account  for  the  present  the  possibility  of 
such  a  great  subdivision  of  atoms,  there  are,  to  my  mind,  only 
three  courses  open  to  us.  We  may,  in  the  first  place,  deny  the 
necessity  of  admitting  the  existence  of  velocities  as  great  as  those 
I  have  named.  As  regards  radial  motion  outward  from  the  Sun, 
the  evidence  in  favor  of  the  reality  of  these  velocities  is  not  per- 
haps conclusive.2     But  the  tangential  velocities  at  the  limb  of  the 

Utrecht,  has  made  the  ingenious  suggestion  that  many  of  the  appearances  we  observe 
on  the  Sun's  limb  are  not  real,  but  are  due  to  an  optical  illusion,  produced  by  anoma- 
lous dispersion.  I  do  not  think  that,  so  far,  the  efforts  to  account  for  prominences  in 
this  way  have  been  successful,  but  at  present  I  only  wish  to  point  out  that  the  expla- 
nation does  not  get  rid  of  the  difficulty  which  has  been  pointed  out  in  the  text,  for  the 
rapid  change  in  appearance,  which  indicates  apparently  a  large  radial  velocity,  would, 
according  to  Professor  Julius,  still  be  accounted  for  by  the  propagation  of  some  dis- 
turbance, though  not  by  a  projection  of  matter.  But  the  velocity  of  sound  is  the  limit- 
ing velocity  for  the  propagation  of  any  disturbance,  whether  of  matter  itself  or  of  any 
arrangement  of  matter,  and,  therefore,  a  large  observed  velocity  is  equally  fatal  to  the 
theory  of  anomalous  dispersion  and  to  the  older  theory. 

1  Inorganic  Evolution,  p.   182. 

2 (Note  added  February  1903.)  Professor  Hale  {Astronomy  and  Astro-Physics,, 
2,  611  and  017)  has  described  a  remarkable  outburst  on  the  Sun's  surface,  the  vapors 
produced  by  the  outburst  quickly  covering  a  small  portion  of  the  Sun's  disk,  and 
obscuring  iwo  Sun-spots  and  a  number  of  facuke. 

After  the  outburst,  however,  it  was  found  that  no  permanent  change  in  the  appear- 
ance of  Sun-spots  and  facuke  had  taken  place,  and  Professor  Hale  concludes  from 
this  that  the  obscuring  vapors  must  therefore  have  been  well  above  the  layer  of  spots 
and  facuhv.  The  velocities  of  those  vapors  during  the  outburst  must  have  been  very 
large  indeed. 
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Sun,  which  are  velocities  parallel  to  the  solar  surface,  have  been 
observed  to  be  as  great  as  the  radial  velocities,  and  these  must 
be  real  unless  some  other  cause  may  produce  displacements  of 
spectroscopic  lines.  One  such  cause  recently  discovered,  and 
already  mentioned,  is  pressure,  which  increases  the  wave-length. 
Other  effects  might  be  thought  of,  which  may  act  in  the  same 
direction,  but  it  is  much  more  difficult  to  imagine  any  cause  which 
can  produce  a  shortening  of  wave-length.  As  far  as  I  can  judge 
from  the  published  accounts  and  drawings,  a  great  tangential 
velocity  at  the  Sun's  limb  is  as  often  observed  to  take  place  toward 
us  as  away  from  us  ;  hence,  even  if  two  causes  may  act,  one  short- 
ening and  the  other  lengthening  the  waves,  it  does  not  seem 
probable  that  the  two  causes  would  act  with  equal  frequency  and 
to  an  equal  extent  in  both  directions.  For  the  present  we  are 
forced  to  admit  only  known  effects,  and  hence  we  are  forced  to 
recognize  the  reality  of  the  great  velocities  which  have  been 
deduced  from  the  observations. 

Various  attempts  have  been  made  to  account  for  a  number  of 
phenomena  which  are  observed  on  the  solar  surface  by  electrical 
actions,  such  attempts  being  based  on  the  supposition  that  the  Sun 
as  a  whole  is  a  highly  charged  electrified  body.  But  we  know 
that  no  body  at  the  temperature  of  the  solar  surface  could  per- 
manently retain  an  electric  charge.  If  there  is  therefore  a  perma- 
nent electric  force,  there  must  also  be  a  permanent  electromotive 
force  tending  to  drive  negative  electricity  from  the  inside  to  the 
outside,  or  vice  versa.  There  is  nothing  improbable  in  such  a 
supposition,  as  the  phenomena  of  atmospheric  electricity  show. 
The  surface  of  the  Earth  is  charged  with  negative  electricity,  and 
though  we  know  that  every  burning  fire,  and  every  wave  of  the 
sea  breaking  into  spray,  tends  to  dissipate  that  charge,  it  yet  is 
permanent,  and  remains  without  apparent  diminution.  We  con- 
clude that  some  cause,  upon  which  meteorologists  and  phvsicists 
are  not  yet  agreed,  exists,  which  tends  to  bring  the  dissipated 
electricity  back  to  the  Earth,  and  we  are  confirmed  in  this  con- 
clusion by  the  fact  that  failing  drops  of  rain  are  more  frequently 
charged  negatively  than  positively. 

We  are  therefore  quite  at  liberty  to  admit  a  high  charge  of 
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electricity  at  the  surface  of  the  Sun,  which  probably  does  not, 
however,  exert  any  electric  force,  except  near  its  surface ;  the 
outside  being  screened  by  opposite  electrification.  The  only  way 
which  occurs  to  me  as  possibly  causing  an  appreciable  electric 
force  at  a  distance  greater  than  the  solar  diameter  would  be  to 
suppose  the  existence  of  highly  eccentric  meteoric  swarms, 
which,  passing  near  the  Sun,  would  carry  the  neutralizing  charge 
out  into  space.  The  streamers  of  the  solar  corona  might  be  due 
to  electric  discharges  between  such  retreating  swarms  and  the 
Sun. 

If  the  Sun  is  a  highly  charged  electrified  body,  velocities  like 
those  observed  in  the  atmosphere  are  possible,  if  these  velocities 
are  radial,  i.  e.,  from  the  center  of  the  Sun  or  toward  it,  but  I  am 
unable  to  satisfy  myself  that  the  observed  tangential  velocities 
can  be  explained  by  electric  action.  There  remains  only  one 
way  of  accounting  for  these  velocities,  and  that  is  to  conclude 
that  they  are  either  directly  due  to  meteoric  matter  circulating 
around  the  Sun,  or  indirectly  to  meteoric  matter  falling  into  the 
Sun,  and  locally  generating  a  temperature  sufficiently  high  to 
allow  of  molecular  velocities  of  200  miles  per  second.  The 
velocity  of  a  piece  of  matter  circulating  around  the  Sun  and  close 
to  its  surface  in  a  circular  orbit  is  about  270  miles  per  second. 
Such  a  piece  of  matter  would  tend  to  carry  with  it  the  very  ten- 
uous gases  which  are  floating  above  the  solar  surface,  and  may 
well  impart  to  them  a  velocity  ranging  from  100  to  200  miles. 
If  actually  falling  into  the  Sun,  the  conversion  of  their  motion 
into  heat,  or  the  kinetic  energy  supplied  by  the  splash,  would  be 
sufficient  to  account  for  the  observed  velocities.1 

The  explanation  of  the  violent  disturbances  which  are 
observed  to  take  place  on  the  solar  surface  does  not  come  within 
the  range  of  my  main  subject,  but  it  was  necessary  to  point  out 

1  (Note  added  February  1903.)  Matter  falling  into  the  Sun  and  producing  what 
has  been  called  a  "  splash ''  could  account  for  velocities  very  much  larger  than 
that  of  the  velocity  of  sound  ;  in  fact,  there  is  no  limit  to  the  velocity  that  could  be 
generated  in  this  fashion,  as  the  energy  of  impact  is,  at  the  first  instant,  concentrated 
into  a  very  small  amount  of  matter.  If  the  splash  takes  place  near  the  Sun's  limb, 
but  on  the  visible  portion,  great  receding  tangential  velocities  may  be  observed.  If 
the  splash  takes  place  behind  the  Sun's  limb,  the  tangential  velocities  would  be 
approaching  the  Karth. 
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that  the  convection  currents,  which  are  necessary  to  the  tem- 
perature distribution  which  is  now  generally  admitted  by  astrono- 
mers, are  actually  observed  to  take  place  on  the  surface  of  the 
Sun  with  greater  violence  than  we  might  a  priori  have  expected. 
A  detailed  study  of  solar  phenomena  is  in  my  opinion  the  only 
sure  guide  in  our  investigations  on  stellar  constitution,  and  it  is 
probable  that  many  of  the  unsolved  problems,  which  still  meet 
us  in  the  interpretation  of  stellar  spectra,  will  be  cleared  up  in 
the  solar  and  terrestrial  laboratories  rather  than  by  mere  statis- 
tical comparisons  and  classifications.  There  are,  in  fact,  many 
similarities  between  solar  and  stellar  phenomena.  One  of  the 
most  curious  facts  revealed  by  the  photographs  of  star  spectra 
is,  as  has  already  been  pointed  out,  the  peculiar  behavior  of  cal- 
cium, which  forms  the  main  connecting  link  between  hydrogen 
and  metallic  stars ;  and  this  behavior  of  calcium  shows  itself 
with  equal  persistency  in  the  spectra  of  solar  prominences, 
which,  as  regards  the  hydrogen  lines,  do  not  present  a  spectrum 
far  different  from  that  of  a  Aquila  or  Procyon;  while  the  simi- 
larity between  the  spectrum  of  the  chromosphere  and  that  of 
some  of  the  stars  has  been  pointed  out  by  Sir  Norman  Lockyer. 

Before  leaving  the  subject  of  the  Sun,  I  may  refer  briefly  to 
an  argument  which  seems  to  me  to  be  fatal  to  any  theory  which 
involves  the  decomposition  of  the  elements  right  through  its 
mass.  We  may  say  with  certainty  that  no  amount  of  pressure 
can  increase  the  density  of  any  substance  much  beyond  what  it 
is  in  its  liquid  state.  Liquid  hydrogen  has  a  density  of  about 
0.09,  or  less  than  the  fifteenth  part  of  the  average  density  of  the 
Sun.  I  conclude  that  the  interior  of  the  Sun  cannot  be  made  up 
of  hydrogen  or  of  any  substance  which  might  be  formed  by  the 
breaking  up  of  hydrogen,  for  such  decompositions  are,  as  far  as 
we  can  judge,  never  accompanied  by  an  increase  of  density. 
On  the  other  hand,  the  mean  density  of  the  Sun  is  quite  consis- 
tent with  the  supposition  that  its  interior  is  mainly  composed  of 
the  same  substances  as  are  known  to  us  on  the  Earth. 

We  may  now  return  to  the  main  subject  of  our  inquiry,  which 
is  the  critical  discussion  of  the  arguments  that  have  convinced 
the  great  majority   of   astronomers    of    a    process  of    evolution 
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which  in  the  course  of  time  makes  each  star  pass  successively 
through  a  number  of  stages,  in  which  the  spectrum  changes 
from  that  of  the  helium  stars  to  that  of  the  hydrogen  stars,  and 
hence  to  that  of  stars  with  prominent  calcium  lines  and  of  the 
solar  stars. 

The  first  fact  which  requires  explanation  is  the  one  which  is 
generally,  though  not  universally  admitted,  that  the  temperature 
of  the  photosphere  of  the  stars  diminishes  in  the  order  in  which 
they  have  just  been  named.  If  the  hydrogen  star  is  always 
hotter  than  the  solar  star,  this  would  suggest  that  the  chemical 
composition  stands  in  some  direct  causal  relationship  to  the  tem- 
perature, but  it  is  open  to  discussion  which  is  the  cause  and 
which  the  effect.  Is  the  photosphere  of  a  Leonis  hotter  because 
it  is  surrounded  by  an  atmosphere  chiefly  containing  hydrogen, 
or  does  a  Leonis  only  show  us  the  hydrogen  spectrum  because 
its  atmosphere  is  too  hot  to  show  anything  else  ?  The  discus- 
sion of  this  point  is  altogether  independent  of  our  ideas  regard- 
ing evolution.  Even  if  we  do  not  wish  to  enter  at  all  into  the 
previous  history  of  a  star  or  its  future  development,  we  are 
bound  to  search  for  an  explanation  of  the  constitution  of  the 
present  universe,  which  shows  us  hydrogen  stars  and  solar  stars, 
the  former  being  apparently  hotter  than  the  latter. 

But  if  we  take  the  theory  of  evolution  into  account,  we  have 
further  to  explain  the  fact  that,  if  the  above  be  true,  a  star 
cools  as  it  grows  older,  while  the  theory  of  Homer  Lane,  of 
which  an  outline  has  been  given,  states  that  the  star  should  get 
hotter.  The  apparent  disagreement  between  theory  and  obser- 
vation has  been  a  stumbling-block  to  astronomers,  but  it  is  due 
in  great  measure  to  the  want  of  definitencss  in  our  meaning, 
when  we  speak  of  the  "temperature"  of  a  star.  We  do  not 
observe  the  temperature  of  the  center,  or  the  temperature  of 
the  gaseous  mass  below  the  photosphere,  and  it  is  with  this 
temperature  that  the  theoretical  analysis  deals.  What  we  can 
observe  is  the  photosphere  and  the  absorbing  layer  above  it,  and 
the  temperature  of  these  portions  of  the  Sun  are  not  touched  by 
Lane's  theory.  If  our  ideas  of  the  photosphere  are  correct, 
and    it   consists    of     condensed    clouds    of    metallic   or    carbon 
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vapor,  the  temperature  of  these  clouds  will  be  quite  indepen- 
dent of  the  temperature  inside  the  star ;  and,  for  all  we  know, 
might  under  certain  circumstances  remain  the  same  for  a  long 
period  of  a  star's  life,  during  which  time  the  star  may  condense 
to  a  fraction  of  its  original  volume,  and  its  interior  become 
hotter  and  hotter,  until  the  condensation  has  reached  the  point 
at  which  the  laws  of  gaseous  compression  no  longer  hold.  The 
surface  of  a  star  is  pouring  out  energy  in  the  form  of  radia- 
tion, and  the  temperature  of  the  surface  will  depend  on  the 
balance  of  a  number  of  delicately  poised  conditions.  Equilib- 
rium is  reached  when  the  loss  of  heat  by  radiation  is  balanced 
by  an  equal  gain  of  the  heat  from  the  inside  or  from  the  outside. 
The  gain  in  the  case  of  our  Sun  is  in  great  part  due  to  the  con- 
vection currents  from  beneath,  which  keep  the  photosphere  at 
the  temperature  at  which,  under  the  existing  pressure,  the 
metallic  vapors  condense.  So  far  we  should  expect  the  photo- 
sphere to  become  more  luminous  as  the  star  contracts,  because 
the  greater  the  intensity  of  gravitational  attraction,  the  more 
active  the  convection  currents  may  be  expected  to  be.  But  two 
factors  may  operate  in  the  opposite  direction.  In  the  first 
place,  we  must  not  assume  that  the  inflow  of  outside  meteoric 
matter,  which  not  so  long  ago  was  considered  to  be  the  chief 
cause  of  the  maintenance  of  solar  heat,  is  altogether  inactive. 
Even  in  the  case  of  the  Sun,  it  has  already  been  pointed  out 
that  several  phenomena  point  directly  to  the  generation  of  heat 
at  the  surface  of  the  Sun  by  the  impact  of  falling  masses. 
What  in  the  Sun  is  a  subordinate  cause  may  in  some  of  the  stars 
become  predominant,  and  the  photosphere  may  recuperate 
itself  for  the  loss  of  energy  which  it  radiates  into  space,  not 
only  from  the  inside,  but  also  from  the  outside.  If  this  is  the 
case,  we  need  not  be  surprised  that  the  temperature  of  the 
photosphere  is  apparently  higher  in  the  younger  stars,  or  that 
the  spectrum  of  these  younger  stars  resembles  that  of  the  solar 
prominences. 

But  even  without  having  recourse  to  outside  influence,  it  is 
possible  to  account  for  the  higher  temperature  of  the  hydrogen 
stars  in  a  more  direct  way,  by   making    the    hydrogen  atmos- 


1 82  ARTHUR  SCHUSTER 

phere  itself  responsible  for  it.  The  temperature  of  the  photo- 
sphere must  be  largely  affected  by  the  absorbing  properties  of 
the  gases  surrounding  it.  If,  for  instance,  these  gases  were 
largely  to  absorb  the  infra-red  radiation,  the  effect  of  such 
absorption  would  be  observed  in  a  rise  of  temperature.  We 
need  only  point,  in  illustration  of  this,  to  the  way  in  which  the 
glass  roof  and  sides  of  a  hothouse  protect  the  plants  inside 
against  loss  of  heat  by  radiation  into  space.  If  it  were  possible 
to  imagine  hydrogen  to  absorb  infra-red  rays,  this  gas  would, 
by  stopping  the  loss  of  these  rays,  increase  the  visible,  and 
especially  the  blue  and  violet,  radiations,  and  the  fact  that  the 
metallic  lines  shown  by  hydrogen  stars  are  principally  the  high 
temperature  lines  would  thus  be  accounted  for.  Such  an 
explanation  will  only  remain  a  mere  surmise,  unless  it  is  con- 
firmed by  independent  evidence,  but  perhaps  the  phenomena 
accompanying  the  formation  of  faculae  on  the  Sun  may  be 
found  to  furnish  such  evidence,  although  only  of  an  indirect 
character.  The  faculas  are  bright  streaks  on  the  solar  surface 
specially  seen  in  the  neighborhood  of  spots,  and,  according  to 
recent  observations,  they  are  closely  connected  with  the  promi- 
nences which  seem  chiefly  to  lie  above  them.  If  the  suggested 
explanation  for  the  high  temperature  of  hydrogen  stars  be  cor- 
rect, the  same  explanation  would  apply  to  any  portion  of  the 
solar  surface  which  has  masses  of  hydrogen  hanging  over  it, 
and  the  increased  luminosity  of  those  portions  of  the  Sun  which 
lie  underneath  the  prominences,  would  be  a  necessary  conse- 
quence. To  prevent  misunderstanding,  it  is  well  to  point  out 
that  the  infra-red  absorption  need  not  be  due  to  the  same 
molecules  of  hydrogen  which  give  the  well-known  hydrogen 
spectrum,  and  which  are  almost  certainly  not  identical  with  the 
diatomic  hydrogen  molecule  which  we  prepare  in  the  labora- 
tory. The  luminous  hydrogen  in  the  stars  must  be  surrounded 
by  cooler  hydrogen,  and  the  space  surrounding  the  prominences 
will  similarly  contain  masses  of  cool  hydrogen,  having  radiating 
and  absorbing  properties  differing  from  those  of  the  luminous 
substance.  If  1  have  dwelt  on  an  explanation  which  at  present 
is  little  more   than  a  guess,  it  is  only  to  emphasize  that  wre  need 
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not  hesitate  on  theoretical  grounds  to  accept  the  evidence  of 
observation,  that  the  photosphere  of  the  hydrogen  stars  is 
hotter  than  the  photosphere  of  a  star  giving  a  solar  spectrum. 
The  suggestions  I  have  put  forward  are  sufficient  to  show  that 
the  temperature  of  the  photosphere  is  regulated  by  considera- 
tions which  lie  altogether  outside  the  calculations  of  Lane. 

We  are  now  prepared  to  admit  that  the  hydrogen  star  is  hot- 
ter than  the  solar  star,  and  that,  if  there  has  been  a  process  of 
evolution,  this  hydrogen  period  of  a  star  is  earlier  than  the  solar 
period.  The  reason  for  this  second  statement  will  appear  more 
clearly  farther  on.  This  brings  us  to  the  next  stage  of  our  prob- 
lem. Why  does  the  hydrogen  disappear  in  the  process  of  cool- 
ing, and  why  is  its  spectrum  replaced  by  that  of  the  metallic 
vapors?  The  simplest  explanation  —  simple  because  it  cuts  the 
Gordian  knot  —  is  that  offered  by  Sir  Norman  Lockyer.  If  the 
hottest  star  shows  no  metallic  lines,  it  is  because  the  temperature 
is  too  high  for  the  existence  of  the  molecule  which  alone  can 
emit  the  radiation  corresponding  to  these  lines.  The  atoms  are 
decomposed  or  dissociated,  or  whatever  name  we  may  attach  to 
what  must  practically  be  a  splitting  of  what  is  generally  consid- 
ered an  "atom,"  or,  in  other  words,  unsplitable  by  chemical 
agencies.  When  a  star  cools,  and  its  photosphere  has  reached 
the  temperature  at  which  the  more  complex  molecule  can  exist, 
the  corpuscles,  according  to  Lockyer's  theory,  will  rccombine 
and  ultimately  form  metallic  vapors  such  as  we  know  on  the 
Earth.  This  explanation  involves  a  hypothesis  that  is  possible 
and  consistent,  but  which,  before  it  can  be  generally  accepted, 
must  either  be  shown  to  be  the  only  hypothesis  consistent  with 
the  facts,  or  to  be  supported  by  strong  outside  evidence.  A  great 
difficulty  of  the  dissociation  hypothesis  lies  in  the  fact  that,  as 
in  the  case  of  the  Sun,  so  also  in  the  case  of  the  Algol  variables 
of  which  the  density  is  approximately  known,  that  density  is 
greater  than  the  density  of  solid  hydrogen,  although  these  stars 
have  spectra  which  are  generally  of  the  hydrogen  or  calcium  type. 
In  order  to  maintain  the  theory,  it  would  be  necessary  to  imagine 
that  dissociation  only  takes  place  on  the  surface  of  the  star,  and 
that  the  pressure  inside  is  sufficient  to  produce  recombination,  in 
spite  of  the  higher  temperature  which  reigns  there. 
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What  are  the  alternative  suggestions  which  have  been  made? 
Sir  William  Huggins,  who  touched  on  this  in  his  presidential 
address  delivered  to  the  British  Association  at  Cardiff,  draws 
attention  to  the  effect  of  convection  currents  in  mixing  up  differ- 
ent layers  of  the  gaseous  matter  forming  the  star.  If  convec- 
tion currents  could  be  completely  stopped,  the  heavier  gases 
would  sink  to  lower  levels,  and  the  outer  layer  of  a  star  would 
be  made  up  of  hydrogen  and  the  lighter  metallic  vapors.  It  is 
owing  to  convection  that  a  mixing  takes  place,  and  the  stronger 
the  convection  the  more  complete  is  this  mixing.  The  following 
quotation  will  show  the  position  Sir  William  Huggins  takes  up 
in  this  matter : 

Now,  the  conditions  of  the  radiating  photosphere  and  those  of  the  gases 
above  it,  on  which  the  character  of  the  spectrum  of  a  star  depends,  will  be 
determined,  not  alone  by  temperature,  but  also  by  the  force  of  gravity  in 
these  regions  ;  this  force  will  be  fixed  by  the  star's  mass  and  its  stage  of  con- 
densation, and  will  become  greater  as  the  star  continues  to  condense. 

In  the  case  of  the  Sun  the  force  of  gravity  has  already  become  so  great 
at  the  surface  that  the  decrease  of  the  density  of  the  gases  must  be  extremely 
rapid,  passing  in  the  space  of  a  few  miles  from  the  atmospheric  pressure 
to  a  density  infinitesimally  small;  consequently  the  temperature-gradient  at 
the  surface,  if  determined  solely  by  expansion,  must  be  extremely  rapid.  The 
gases  here,  however,  are  exposed  to  the  fierce  radiation  of  the  Sun,  and, 
unless  wholly  transparent,  would  take  up  heat,  especially  if  any  solid  or 
liquid  particles  were  present  from  condensation  or  convection  currents. 

From  these  causes,  within  a  very  small  extent  of  space  at  the  surface  of 
the  Sun,  all  bodies  with  which  we  are  acquainted  should  fall  to  a  condition  in 
which  the  extremely  tenuous  gas  could  no  longer  give  a  visible  spectrum. 

************* 

Passing  backward  in  the  star's  life,  we  should  find  a  gradual  weakening 
of  gravity  at  the  surface,  a  reduction  of  the  temperature-gradient  as  far  as  it 
was  determined  by  expansion,  and  convection  currents  of  less  violence  pro- 
ducing less  interference  with  the  proportional  quantities  of  gases  due  to  their 
vapor  densities,  while  the  effects  of  eruptions  would  be  more  extensive. 

At  last  we  might  come  to  a  state  of  things  in  which,  if  the  star  were  hot 
enough,  only  hydrogen  might  be  sufficiently  cool  relatively  to  the  radiation 
behind  to  produce  a  strong  absorption.  The  lower  vapors  would  be  pro- 
tected, and  might  continue  to  be  relatively  too  hot  for  their  lines  to  appear 
very  dark  upon  the  continuous  spectrum  ;  besides,  their  lines  might  be  possi- 
bly to  some  extent  effaced  by  the  coming  in  under  such  conditions  in  the 
vapors  themselves  of  a  continuous  spectrum. 
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In  such  a  star  the  light  radiated  toward  the  upper  part  of  the  atmosphere 
may  have  come  from  portions  lower  down  of  the  atmosphere  itself,  or  at  least 
from  parts  not  greatly  hotter.  There  may  be  no  such  great  difference  of 
temperature  of  the  low  and  less  low  portions  of  the  star's  atmosphere  as  to 
make  the  darkening  effect  of  absorption  of  the  protected  metallic  vapors  to 
prevail  over  the  illuminating  effect  of  their  emission. 

In  a  discussion  before  the  Royal  Society  in  1897  I  took  up 
an  essentially  similar  position.1  "The  chief  difference  (I  then 
wrote)  between  a  hydrogen  and  a  solar  star  lies  in  the  more  or 
less  effectual  mixing  up  of  the  constituents.  If  we  could  intro- 
duce a  stirrer  into  a  Lyra  there  can  be  no  doubt  whatever  that 
the  low-temperature  lines  of  iron  would  make  their  appearance, 
while,  on  the  other  hand,  if  we  could  stop  all  convection  cur- 
rents on  the  surface  of  the  Sun,  the  hydrogen  which  now  lies 
under  the  photosphere  would  gradually  diffuse  out  and  give 
greater  prominence  to  its  characteristic  absorption." 

I  still  believe  this  statement  to  be  true,  but  I  have  modified 
my  opinion  in  so  far  as  I  do  not  now  believe  the  difference 
in  the'condition  of  the  surface  of  stars  like  Sirius  or  our  Sun  to 
be  sufficient  to  eliminate  convection  almost  entirely  in  one  case 
and  make  it  the  predominant  factor  in  the  other.  The  mean 
density  of  Sirius  is  probably  not  greater  than  that  which  our  Sun 
had  when  its  diameter  was  about  five  times  as  great  as  it  is  now. 
But  even  then,  with  a  gravitational  force  still  greater  than  that 
on  the  surface  of  the  Earth,  convection  currents  must  have  been 
active  in  stirring  up  and  mixing  the  strata  down  to  a  consider- 
able depth  below  the  surface.  The  conditions  which  I  imagined, 
in  1897,  to  hold  in  the  hydrogen  stars  are  not,  according  to  my 
present  opinion,  consistent  with  the  formation  of  a  photosphere, 
which,  I  now  believe,  necessarily  involves  effective  convection 
currents.  Hence,  there  must  be  some  other  cause  for  the  elimi- 
nation of  hydrogen  out  of  the  atmosphere  of  stars,  when  they 
have  reached  the  solar  stage.  We  are  reasoning,  of  course,  on 
the  supposition  that  the  difference  in  the  type  of  spectra  is  not 
due  to  any  inherent  chemical  difference  in  the  composition  of  the 
stars.  The  evidence  for  this  assumption  will  have  to  be  further 
examined,  especially  in  view  of  the   fact  that,  if  my  suggestion 

1  Proc.  R.S.,  61,  209. 
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should  prove  to  have  a  solid  foundation,  and  if  the  presence  of 
masses  of  hydrogen  is  the  cause  and  not  the  result  of  the  higher 
temperature  of  the  photosphere,  the  difficulty  we  are  now  trying 
to  overcome  disappears.  Here,  as  in  the  previous  discussion,  it 
is  not  so  much  my  intention  to  argue  in  favor  of  one  hypothesis 
or  another,  but  rather  to  show  the  different  possibilities  which 
may,  in  a  natural  way,  account  for  much  that  is  obscure  at 
present. 

If  we  had  only  to  account  for  those  stars  which  chiefly  show 
hydrogen  and  calcium,  we  might  attribute  their  spectra  to  the 
action,  in  an  exaggerated  form,  of  the  same  cause  which  pro- 
duces the  prominence  spectrum  of  our  Sun.  And  if  we  believe 
that  the  influx  of  meteoric  matter  is  directly  or  indirectly  respon- 
sible for  the  prominences,  we  should  be  led  to  suppose  that 
the  stars  of  the  Procyo?i  type  are  bodies  in  which  the  aggrega- 
tion of  meteoric  masses  from  outside  still  plays  an  important 
part  in  regulating  the  temperature  and  spectrum  of  the  super- 
ficial layers.  This,  though  in  many  ways  a  satisfactory  explana- 
tion, does  not  account  for  the  spectra  in  which  hydrogen  is  seen 
without  the  calcium,  nor  for  other  types  of  spectra  which  are 
generally  considered  to  precede  the  Procyon  type. 

But  the  disappearance  of  hydrogen  as  the  star  condenses  is 
not  perhaps  a  phenomenon  which  should  surprise  us  so  much. 
Hydrogen  is  readily  absorbed  by  many  metals,  even  at  a  high 
temperature,  and  it  is  highly  probable  that  gases  show  phenom- 
ena of  molecular  absorption  like  solids  or  liquids,  when  they 
are  subjected  to  a  pressure  so  high  that  their  density  approaches 
the  density  of  the  liquid  state.  I  can  see  nothing  improbable  in 
the  supposition  that  when  a  star  condenses,  and  its  pressure 
reaches  a  high  value  in  the  interior,  it  should  begin  to  absorb 
hydrogen,  helium,  and  possiblv  oxygen,  nitrogen,  and  the  other 
constituents  which  have  either  not  been  observed  in  the  Sunf  or 
only  give  faint  evidence  of  their  presence.  If  this  opinion  is 
correct,  a  quantity  of  matter,  suddenly  transported  from  the 
interior  of  the  Sun  to  the  outside,  would  violently  give  up  the 
hydrogen  which  it  was  able  to  contain  under  its  original  pressure. 
The  phenomena  observed  on  the  surface  of  the  Sun  wrould  seem 
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to  lend  countenance  to  such  a  view ;  at  any  rate  they  do  not 
contradict  it.  Another  and  perhaps  simpler  explanation  is 
suggested  by  considering  the  process  of  the  formation  of  a  star 
from  its  first  beginnings.  Its  consideration  may  therefore  be 
deferred  until  we  are  prepared  to  look  at  the  question  of  evolu- 
tion as  a  whole.  I  repeat  that  it  is  only  my  intention  to  put 
forward  suggestions,  which  may  be  found  to  have  some  truth  in 
them,  and  which  should,  therefore,  be  taken  into  consideration. 
But  from  such  speculative  inquiries  we  may  once  more  turn 
to  the  more  solid  search  for  further  facts.  Results  which  have 
an  important  bearing  on  our  subject  have  been  obtained  from 
the  observation  of  double  stars,  for  they  allow  us  to  obtain  a 
value  for  the  state  of  condensation  of  the  matter  composing  some 
of  these  stars.  Professor  E.  C.  Pickering  and,  later,  Mr.  Monck 
have  deduced  a  remarkable  equation,  which  connects  together 
the  intrinsic  brightness  of  a  star's  surface,  its  mean  density,  and 
other  quantities  which  may  be  obtained  by  observation.  We  may 
thus  calculate  the  density  on  the  supposition  that  all  stars  emit 
an  equal  amount  of  light  per  unit  surface.  As  regards  stars 
showing  a  similar  type  of  spectrum,  this  supposition  is  probably 
nearly  correct,  but  the  results  have  to  be  used  with  caution  when 
comparing  a  hydrogen  and  a  solar  star,  for  the  mere  fact  that 
the  spectrum  of  the  latter  is  filled  with  absorption  lines  would 
induce  us  to  believe  —  quite  apart  from  any  question  as  to  the 
temperature  of  the  surface  —  that  the  amount  of  light  leaving 
the  star  is  less  per  unit  surface  for  stars  giving  a  solar  spectrum, 
than  for  stars  which  only  show  hydrogen  lines.  The  result  of 
calculation  showed  that  on  the  average  the  density  of  the  solar 
stars  was  fifteen  times  greater  than  the  density  of  the  hydrogen 
stars;*  but  this  number  was  founded  on  information  which,  as 
regards  the  nature  of  the  spectrum  emitted,  was,  in  many  cases, 
deficient.  Pending  a  renewed  inquiry  into  this  important  sub- 
ject, I  am  struck  by  the  slight  systematic  difference  shown 
between  the  stars  of  different  spectroscopic  types.  A  density 
fifteen  times  as  great  means,  for  the  same  mass,  a  diameter 
reduced  in  the  value  of  2l/2  to  I,  and  even  this  difference  would 
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disappear  if  the  hydrogen  stars  had  an  emissive  power  six  times 
as  great  as  that  of  the  Sun. 

The  differences  of  density  shown  by  individual  stars  of  the 
same  spectral  type  are  considerably  greater.  Thus  7  Leonis  gives 
a  spectrum  almost  identical  with  that  of  Arcturus^  which  is  gen- 
erally considered  to  belong  to  a  later  period  than  the  solar  stage  ; 
its  density  on  the  assumption  of  equal  emissive  powers  is  0.0002 
as  compared  with  that  of  the  Sun.  It  is  not  possible  to  admit  an 
emissive  power  300  times  as  great  as  that  of  the  Sun,  and  hence 
the  density  of  7  Leonis  must  be  very  considerably  less  than  that 
of  the  Sun.  As  far  as  the  observations  go,  the  stars  which  are 
purely  hydrogen  stars  show  smaller  variations  in  density  than 
the  solar  stars,  and  have  a  density  which  is  unmistakably  smaller, 
but  great  variations  are  found  in  the  intermediate  stages  in  which 
the  calcium  lines  are  prominent,  rj  Cassiopeiac,  for  instance,  has 
a  density  almost  equal  to  that  of  the  Sun,  being  the  third  in  order 
of  density  of  all  known  stars,  while  7  Virginis^  giving  a  similar 
spectrum,  has  a  density  sixty  times  smaller.  The  difficulty 
which,  in  the  case  of  the  binaries  we  have  just  discussed,  arises 
from  our  ignorance  of  the  intrinsic  brightness  of  their  surface,  is 
overcome  in  the  case  of  another  set  of  close  double  stars,  the 
so-called  Algol  variables.  These  binaries  are  characterized  by 
the  fact  that  they  consist  of  two  stars  of  unequal  brightness,  one 
of  which  passes  periodically  in  front  of  the  other  so  as  to  pro- 
duce a  variation  in  the  combined  brightness  of  the  stars.  But  I 
must  resist  the  temptation  of  entering  into  a  detailed  description 
of  the  peculiarities  of  these  interesting  stars,  and  content  myself 
by  referring  to  the  conclusions  of  A.  W.  Roberts  and  H.  N. 
Russell,  which  have  given  an  average  density  considerably  less 
than  that  of  the  Sun.  Thus  Roberts  finds  for  the  mean  of  four 
of  these  variables  0.18  for  the  greatest  density  consistent  with 
the  observations,  while  the  corresponding  density  found  by 
Russell  for  the  average  of  seventeen  variables  is  0.20,  closely 
agreeing  with  the  former  result.  This  means  a  density  equal  to 
about  one-eighth  of  the  solar  density.  For  the  fainter  compo- 
nent of  5  Velorum,  the  greatest  possible  density  is  only  0.03  as 
compared  with  the  Sun.     The  spectra  of  these  stars  all  seem  to 
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belong  to  the  pre-solar  type,  and  their  low  density  therefore 
confirms  the  results  arrived  at  from  the  consideration  of  other 
binaries,  though  we  should  not  lose  sight  of  the  fact  that  the 
average  density  of  the  stars  of  the  solar  type  seems  to  be  con- 
siderably less  than  that  of  the  Sun  itself,  so  that  the  average 
density  of  the  Algol  variables  is  not  much  less  than  half  the 
average  density  of  the  solar  stars. 

Interesting  facts  are  brought  to  light  when  we  investigate  the 
distribution  of  types  of  spectra  in  different  parts  of  the  heavens. 
Such  investigations  are  subject  to  the  dangers  accompanying  all 
statistical  inquiries,  especially  when  the  discussion  must,  to  a 
great  extent,  turn  on  the  differentiation  between  accidental  and 
systematic  deviations  from  the  average.  We  owe  a  spectroscopic 
survey  of  the  sky  to  Professor  E.  C.  Pickering,  who,  with  instru- 
ments belonging  to  the  Henry  Draper  Memorial  equipment, 
classified  the  spectra  of  10,345  stars  north  of  250  of  southern 
declination,  and  has  since  completed  the  investigation  for  stars 
which  lie  farther  south.  He  has  very  fully  discussed  the  results 
of  the  first  of  these  surveys.  Almost  exactly  half  belong  to  the 
hydrogen  type,  10  per  cent,  to  the  intermediate  or  calcium  type, 
12  per  cent,  to  the  solar  type,  and  25  per  cent,  to  the  Arcturus 
type.  If  we  only  take  the  stars  which  are  brighter  than  mag- 
nitude 6.25,  the  hydrogen  type  includes  relatively  more,  viz.,  61 
per  cent.,  while  only  5  per  cent,  belong  to  the  solar  type.  The 
percentage  of  the  Arcturian  type  is  reduced  to  18.  If  the  region 
considered  is  divided  into  two  equal  portions,  one  lying  as  much  as 
possible  along  the  Milky  Way,  and  the  other  away  from  it,  it  is 
found  that,  of  all  the  stars  considered,  the  Milky  Way  shows  a 
preference  for  the  stars  of  the  hydrogen  type,  3.560  of  these 
stars  being  mapped  in  the  region  of  the  Milky  Way,  and  1,658 
away  from  it;  the  corresponding  numbers  for  the  calcium  type 
are  650  and  430.  Neither  the  solar  stars  nor  those  having  a 
spectrum  similar  to  that  of  Arcturus  show,  when  their  total 
number  is  considered,  a  preference  for  any  particular  part  of  the 
sky.  Out  of  the  total  number  of  stars,  6,252  belonged  to  the 
portion  of  the  sky  which  included,  and  4,095  to  that  portion 
which  did  not  include,  the  Milky  Way. 
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When  we  consider  the  distribution  of  stars  of  different  mag- 
nitudes, we  find  that  the  hydrogen  stars,  which  are  of  the  fourth 
magnitude  and  brighter,  seem  to  be  distributed  pretty  evenly  all 
over  the  heavens,  and  that  it  is  only  the  weaker  stars  which  show 
this  effect  of  clustering  in  the  regions  of  the  Milky  Way.  The 
brighter  solar  stars,  on  the  other  hand,  seem  to  be  relatively 
more  frequent  in  the  Milky  Way  than  away  from  it,  and  the 
more  even  distribution  shown  by  the  solar  and  Arcturian  stars 
seems  rather  due  to  the  fact  that  the  stars  of  smaller  magnitudes 
belonging  to  these  types  are  chiefly  found  in  the  regions  which  lie 
away  from  the  Milky  Way.  Thus,  taking  the  stars  down  to  the 
sixth  magnitude,  we  find  the  numbers  in  the  district  of  the  Milky 
Way,  and  away  from  it,  for  the  hydrogen  stars  to  be  152  and  84, 
while  for  the  Arcturian  stars  it  is  453  and  341,  in  both  cases  an 
increased  number  in  the  Milky  Way. 

The  results  obtained  by  Dr.  Frank  McClean,  who  confined 
himself  to  stars  above  the  3.5  fnagnitude  in  both  hemispheres, 
are  not  altogether  in  accordance  with  the  above.  Out  of  a  total 
number  of  276  stars,  30  per  cent,  only  were  found  to  belong  to 
the  hydrogen  type,  17  per  cent,  to  the  Procyo?i  or  calcium  type* 
while  31  per  cent,  were  Arcturian  or  solar.  An  unusually  large 
number,  viz.,  32  per  cent.,  were  classed  as  helium  stars,  and  this 
leads  to  the  supposition  that  a  number  of  stars  which  figure  in 
Pickering's  list  as  hydrogen  stars  belong  really  to  the  helium 
subdivision.  These  helium  stars  show  a  very  decided  tendency 
to  cluster  in  the  Milky  Way,  but  the  distribution  of  the  other 
types  is,  according  to  McClean,  remarkably  uniform.  Thus, 
dividing  the  sky  into  two  equal  portions,  the  first  of  which  includes 
the  Milky  Way,  the  numbers  for  the  hydrogen  type  are  20  and  16, 
a  very  slight  excess  in  favor  of  the  Milky  Way.  For  the  calcium 
type  the  numbers  are  21  and  27,  and  for  the  solar  and  Arcturian 
types  combined,  45  and  40.  The  total  number  of  stars  of  the 
hydrogen  and  calcium  types  is  thus  remarkably  nearly  equal  to 
that  of  the  solar  and  Arcturian  types. 

A  promising  line  of  inquiry  has  been  entered  upon  by  Mr.  W. 
H.  S.  Monck,  who  finds  that  the  apparent  proper  motion  of  solar 
and  Arcturian  stars  is  considerably  greater  than  that  of  the  Sirian 
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stars.  Out  of  over  5,000  of  the  latter  stars  found  in  the  Draper 
Catalogue,  225  are  known  to  have  a  proper  motion  of  not  less 
than  one  tenth  of  a  second  per  annum  in  one  or  other  of  the 
elements ;  this  gives  a  percentage  of  less  than  4.5.  On  the  other 
hand,  the  percentage  of  solar  and  Arcturian  stars  having  the 
same  proper  motion  is  20  and  1 5  respectively.  This  points  to 
the  fact  that  the  hydrogen  stars  are  farther  away  than  the  solar 
and  Arcturian  stars  of  equal  magnitude;  or  that,  on  the  supposi- 
tion of  an  equal  distribution  in  space,  and  equal  average  real 
motion,  the  hydrogen  stars  are  more  luminous,  a  fact  which  is 
quite  in  agreement  with  our  previous  conclusions. 

But  a  novel  and  unexpected  result  is  the  position  of  the 
Capellan  or  solar  stars  as  being  the  nearest  to  us,  while  the 
Arcturian  stars  are  intermediate  between  them  and  the  hydrogen 
stars.  Mr.  Monck  concludes  that  the  Arcturian  stars  are  not 
cooled-down  Capellans,  but  we  shall  find  that  if  the  explanation 
I  have  suggested  as  to  the  higher  temperature  and  greater  lumi- 
nosity of  the  hydrogen  stars  is  correct,  the  apparently  anomalous 
position  of  the  Arcturian  stars  is  readily  explained. 

I  have  intentionally  confined  myself  to  a  detailed  discussion 
of  only  two  of  Secchi's  types  of  stars,  but  must  now  briefly  refer 
to  other  celestial  bodies,  so  that  we  may  be  able  to  obtain  a  gen- 
eral view  of  the  evidence  on  which  the  theory  of  stellar  evolution 
rests. 

There  are  two  kinds  of  nebulous  bodies  which  may  be  distin- 
guished by  their  spectra.  One  of  them,  of  which  the  nebula  in 
Orion  may  be  taken  as  a  specimen,  shows  us  bright  lines  of 
hydrogen,  of  helium,  and  of  some  unknown  substance.  The 
second  kind,  of  which  the  nebula  in  A?idromeda  is  a  conspicuous 
example,  apparently  give  a  continuous  spectrum,  which  is  weak- 
ened so  much  by  spectroscopic  dispersion  that  it  is  extremely 
difficult  to  form  a  definite  judgment  as  to  the  nature  of  the  light 
emitted.  While  Professor  Scheiner  believes  that  he  has  obtained 
by  photography  the  absorption  lines  corresponding  to  the  darkest 
groups  of  solar  lines,  the  observations  of  Sir  William  and  Lady 
Huggins  seem  to  give  very  strong  evidence  of  the  presence  of 
bright  lines  in  the  spectra  of  these  bodies.      It  is  to  be  hoped  that 
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the  matter  may  soon  be  cleared  up,  as  these  nebulae  include  all 
those  of  spiral  form,  in  which  local  condensations  occur,  suggest- 
ing a  similarity  to  what  we  may  suppose  to  be  the  origin  of  the 
formation  of  more  compact  celestial  bodies.  The  gaseous  nebulae 
of  the  Orion  kind  are  nearly  all  situated  close  to  the  Milky  Way, 
while  the  nebulae  having  the  A?idromcda  character  show  the  oppo- 
site behavior,  and  obviously  avoid  the  plane  of  the  Galaxy. 
Passing  on  to  bodies  which  appear  to  be  intermediate  in  charac- 
ter between  stars  and  nebulae,  we  also  find  them  confined  to  the 
Milky  Way.  These  bodies,  as  seen  through  a  telescope,  appear 
to  be  stars,  but  their  light,  when  resolved  by  the  spectroscope, 
shows  bright  lines,  either  alone  or  in  conjunction  with  dark  lines. 
Their  distribution  along  the  Milky  Way  is  irregular,  and  they 
tend  to  cluster  together  in  certain  parts  of  it.  These  bright  line 
stars  vary  to  some  extent  in  composition;  they  show  as  a  rule 
the  lines  of  hydrogen  and  some  unknown  lines.  Helium  appears 
in  some,  but  not  in  all  of  them.  There  appears  to  be  a  gradual 
transition  from  these  bright  line  stars  to  the  helium  stars,  which 
also  are  chiefly  found  in  the  neighborhood  of  the  Milky  Way, 
and  many  of  which  are  grouped  together  ;  thus  all  the  bright  stars 
of  Orion,  except  Betelgeuze,  and  most  of  the  weaker  stars  are 
helium  stars.  The  high  temperature  of  these  helium  stars  is 
testified  by  the  presence  of  oxygen  lines,  first  identified  by  Dr. 
F.  McClean,  the  particular  spectrum  of  oxygen  which  appears  in 
them  being  only  obtainable  in  terrestrial  oxygen  by  very  intense 
sparks.  The  oxygen  lines  which,  for  instance,  are  found  in  the 
solar  spectrum  undoubtedly  belong  to  a  more  complex  molecule, 
and  a  lower  temperature.  There  is  again,  apparently,  a  continu- 
ous transition  from  the  helium  stars  to  the  hydrogen,  calcium, 
solar,  and  Arcturian  stars  which  I  have  described.  The  remain- 
ing types  of  spectra  belong  to  lower  temperatures  still,  as  in 
place  of  the  metallic  lines,  or  in  addition  to  them,  certain  bands 
appear,  which  experiments  show  us  invariably  belong  to  lower 
temperatures  than  the  lines  of  the  same  element.  Secchi's  Type 
III  possesses  bands,  as  to  the  identity  of  which  there  is  no  con- 
sensus of  opinion.  These  stars  also  cluster  in  the  Milky  Way, 
and  a  majority  of  them  have  the   peculiarity  of  being  variable  in 
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intensity.  The  variations  are  of  longer  period  than  that  of  the 
Algol  variables,  and  at  the  maximum  the  bright  lines  of  hydrogen 
are  seen  in  many  cases.  Lockyer  holds  that  the  carbon  bands 
appear  as  bright  lines,  and  this  view,  as  far  as  I  am  able  to  judge 
of  the  evidence,  is  probably  correct. 

Nothing  is  known  as  to  the  reason  of  the  light-variation,  but 
among  the  causes  which  can  produce  the  same  effect  at  regularly 
recurring  intervals  there  is  only  one  which  we  can  at  present 
apply  to  celestial  bodies  with  any  show  of  reason,  and  that  is  the 
orbital  revolution  of  the  bodies  around  each  other ;  but  this 
question  lies  beyond  the  range  of  our  present  discussion. 

The  bands  shown  by  Secchi's  fourth  type  of  spectra  have 
been  identified,  and  belong  to  carbon.  The  stars  showing  these 
spectra  are  all  weak,  but  over  200  are  known.  Duner,  to  whom 
we  owe  the  first  systematic  investigation  of  these  stars,  has 
shown  that  they  also  congregate  in  the  Milky  Way,  not  only 
absolutely,  but  also  relatively  to  the  other  stars.  Mr.  T.  E.  Espin 
has  further  investigated  and  confirmed  this  point.  Out  of  a  total 
of  224,  the  region  within  ten  degrees  of  the  Milky  Way  includes 
123,  or  more  than  half,  while  74  per  cent,  lie  within  twenty 
degrees  of  it. 

We  can  only  form  vague  guesses  as  to  the  manner  in  which 
matter  was  originally  spread  through  space  and  has  gradually 
condensed,  probably,  though  not  necessarily,  through  an  inter- 
mediate nebular  stage  into  the  numerous  luminous  spherical 
bodies  which  we  observe  at  night.  If  an  evolutionary  process 
has  been  going  on,  which  is  similar  for  all  stars,  there  is  little 
doubt  that  from  the  bright  line  stars  down  to  the  solar  stars,  the 
order  has  been:  (1)  helium  or  Orion  stars,  (2)  hydrogen  or 
Sirian  stars,  (3)  calcium  or  Procyon  stars,  (4)  solar  or  Capellan 
stars.  The  Arcturian  stars  are  placed  by  most  observers  after 
the  solar  stars,  but  as  mentioned  above,  the  researches  of  Monck 
seem  to  bring  them  to  an  earlier  stage  of  evolution.  Opinions 
are  divided  as  to  the  proper  place  to  assign  to  the  stars  of  the 
third  type.  There  is,  on  the  one  hand,  no  definite  boundary  line 
between  them  and  the  Arcturian  stars,  the  transition  being 
gradual  ;   the  evidence  of  an  evolution  from  the  second   or  solar 
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to  the  third  type  is  as  strong  as  that  which  is  generally  recog- 
nized to  indicate  an  evolutionary  process  from  the  Sirian  to  the 
solar  type.  On  the  other  hand,  the  facts  that  these  stars  are 
nearly  all  variable,  that  they  probably  contain  bright  lines,  and 
that  they  aggregate  in  the  Milky  Way,  lend  force  to  Lockyer's 
contention  that  the  stars  are  in  an  early  state  of  formation,  and 
that  the  low  temperature  of  their  absorbing  layer  indicates  that 
it  is  still  rising  in  temperature.  The  carbon  stars  of  the  fourth 
type  have  been  uniformly  placed  at  the  end  of  the  succession  of 
spectroscopic  changes,  though,  according  to  many  astronomers, 
this  last  stage  does  not  succeed  the  third  type  stage,  but  follows 
the  solar  stage.  These  authorities  would  either,  like  Lockyer, 
remove  the  third  type  into  the  early  features  of  a  star's  history, 
or  derive  it  independently  from  the  solar  stage.  According  to 
this  latter  view,  stars  having  reached  the  solar  stage  would  bifur- 
cate, and,  according  to  their  chemical  composition,  develop  either 
the  spectrum  of  the  third  or  that  of  the  fourth  type. 

The  views  I  have  expressed,  and  suggestions  I  have  made  in 
the  previous  pages,  have  led  me  to  the  following  succession  of 
events,  as  being  in  harmony  with  observed  facts. 

We  may  start  from  matter  distributed  with  approximate  uni- 
formity through  space,  and  leave  out  of  account  the  question 
whether  that  original  matter  was  in  the  form  of  our  present  ele- 
ments, or  in  some  primordial  state,  out  of  which  our  elements 
have  been  formed.  If  the  latter  case,  the  conditions  must  have 
been  such  that  in  different  portions  of  space  this  primordial 
matter  would  condense  into  our  elements,  nearly,  though  proba- 
bly not  absolutely,  in  the  same  relative  quantities.  The  forma- 
tion of  the  elements  I  assume  to  take  place  simultaneously  with 
the  condensation  into  larger  conglomerations. 

The  first  point  I  want  to  draw  attention  to  is  that  the  effect 
of  the  first  condensation  must  have  been  accompanied  by  a 
rejection  of  helium,  hydrogen,  and  other  light  gases,  because  the 
development  of  heat  which  accompanies  the  early  agglomera- 
tion, and  raises  the  temperature  of  the  gaseous  bodies,  must 
through  the  known  laws  of  expansion  increase  their  volume. 
The  gravitation  toward    the  condensed   portions   of   matter  not 
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being  sufficient  to  retain  the  hydrogen,  it  will  diffuse  and  tend 
to  spread  through  the  adjoining  portions  of  space.  In  regions 
where  there  is  no  violent  motion,  it  appears  to  me  that  matter 
will  tend  to  concentrate  itself  around  certain  nuclei,  which  will 
begin  to  attract  each  other  and  clash  together.  A  number  of 
stars  will  then  form,  and  these  stars  will  at  first  not  contain 
hydrogen  or  helium  in  appreciable  quantities.  These  lighter 
gases  will  be  left  behind  as  nebulous  masses,  because  it  has  been 
shown  that  unless  the  gravitation  toward  the  center  of  a  celestial 
body  exceeds  a  certain  value,  light  gases  cannot  form  a  perma- 
nent constituent  of  the  atmosphere.  This  seems  to  be  a  not 
unlikely  explanation  of  the  gaseous  nebulae.  These  bodies  are 
by  observation  found  to  be  connected  with  stellar  clusters,  as 
has  been  shown  by  the  remarkable  photographs  of  the  nebulous 
regions  surrounding  the  Pleiades,  and  the  spectroscopic  investi- 
gation of  the  great  nebula  of  Orion. 

As  soon  as  a  star  has  grown  sufficiently  to  be  capable  of 
retaining  the  hydrogen  and  helium,  atmospheres  of  these  gases 
will  form  around  the  stars,  and  the  temperature  of  the  photo- 
sphere will  rise  to  its  maximum.  A  process  of  diffusion  of 
hydrogen  and  helium  into  the  star  will  at  once  begin,  and  may 
be  helped  by  the  process  of  absorption  which  has  already  been 
alluded  to.  The  helium  will  be  retained  first,  as  it  is  denser 
than  hydrogen,  and  we  may  therefore  expect  to  find  helium 
stars  showing  the  hydrogen  lines  either  weakly  or  not  at  all. 
As  a  star  grows  in  size  the  hydrogen  will  be  more  and  more 
condensed  on  its  surface  from  the  outside,  and  we  may  get  a 
considerable  atmosphere  of  that  gas  forming  around  the  star. 
The  helium  which  has  first  condensed  will  also  first  diffuse  toward 
the  inside,  and  we  then  get  the  typical  hydrogen  star.  The  pro- 
cess of  diffusion  of  the  hydrogen,  helped  quite  probably  by  an 
absorption  due  to  molecular  action,  will  continue  to  go  on  until 
a  stage  of  equilibrium  is  reached,  in  which  there  is  some,  but 
possibly  very  little,  hydrogen  near  the  surface  of  the  star. 

It  may  be  objected  that  the  above  explanation  leaves  out  of 
account  the  peculiar  behavior  of  calcium  in  the  intermediate 
stage  between  the  hydrogen  and  solar  star.      My  answer  is  that 
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the  same  objection  applies  to  all  other  explanations.  We  must 
at  present  accept  it  as  a  fact  that  there  is  a  peculiar  connection 
between  some  of  the  lines  of  calcium  and  the  hydrogen  line. 
This  is  shown  by  the  phenomena  which  take  place  on  the  Sun, 
as  strongly  as  by  those  which  take  place  in  the  stars.  The  con- 
nection may  be  a  chemical  one,  or  may  have  a  hitherto  unsus- 
pected origin.  I  have  spoken  of  these  lines  which  Fraunhofer 
designated  by  H  and  K  as  "  calcium*'  lines,  as  so  far  we 
have  only  been  able  to  obtain  these  lines  when  there  was 
ground  for  the  supposition  that  calcium  was  present.  At  the 
same  time  I  do  not  think  many  spectroscopists  wrould  be  sur- 
prised if  it  were  found  that  these  lines  did  not  belong  to  the 
metal  calcium  at  all.  That  was  the  opinion  arrived  at  by  Stas 
for  reasons  which  to  my  mind  are  insufficient,  but  the  opinion 
may  ultimately  turn  out  to  be  correct,  even  though  for  the 
moment  experiment  does  not  lend  much  countenance  to  it.1  At 
present,  therefore,  we  must  content  ourselves  with  accepting  the 
peculiar  behavior  of  these  lines  and  their  connection  with  hydro- 
gen as  an  observed  fact,  but  the  acknowledged  want  of  a  suffi- 
cient explanation  of  the  fact  cannot  be  quoted  as  an  objection  to 
any  particular  view  on  the  connection  between  different  types  of 
spectra. 

A  word  may  also  be  said  as  to  the  peculiarity  of  helium, 
which  does  not  show  its  presence  among  the  Fraunhofer  lines, 
although  it  is  known  to  be  present  in  the  Sun,  because  its  lines 
appear  bright  in  the  chromosphere.  There  are  two  causes 
which  may  prevent  a  line  from  being  visible  as  an  absorption 
line :  the  vibration  which  gives  rise  to  the  line  may  be  too  nearly 
homogeneous,  or  it  may  be  too  intense. 

It  has  never  to  my  knowledge  been  pointed  out,  though  it  is 
obviously  true,  that  an  absolutely  homogeneous  vibration  can 
never  give  rise  to  an  absorption  line  in  instruments  of  finite 
resolving  powers.  That  is  a  possible,  though  perhaps  not  a  very 
probable,  explanation  of  our  failure  to  detect  helium  among   the 

x(N«>te  added  February  IQ03.)  The  fact  that  the  difference  in  the  wave-numbers 
of  II  and  K  is  nearly  double  that  between  the  first  and  second  line  of  the  charac- 
teristic calcium  triplets  weighs  strongly  in  favor  of  the  lines  being  due  to  calcium. 
While  writing  the  above  I  had  for  the  moment  forgotten  this  argument. 
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absorption  lines.  The  second  explanation  is  contrary  to  what 
is  generally  accepted  as  true,  but  only  because  writers  are  accus- 
tomed to  consider  the  radiation  from  the  solar  photosphere  to  be 
the  radiation  of  a  perfectly  black  body.  If  the  drops  or  liquid 
masses  which  form  the  photosphere  have  any  power  to  reflect  or 
scatter  light,  such  as  for  instance  we  know  rain  drops  to  pos- 
sess, the  solar  radiation  need  not,  as  regards  intensity,  exceed, 
say,  half  that  due  to  a  black  body  of  the  same  temperature.  It 
would  then  become  quite  possible  for  a  cooler  body  in  front 
either  not  to  show  any  absorption  lines,  or  even  to  show  them 
as  bright  lines.1  The  absence  among  the  Fraunhofer  lines  of  the 
high  temperature  radiations  observed  in  the  chromosphere  is 
probably  due  to  this  cause. 

Returning  now  to  the  secular  changes  in  the  stars,  I  may 
point  out  the  distinctive  features  "of  the  views  which  I  have  sug- 
gested. These  views,  in  the  first  instance,  open  out  the  possi- 
bility of  much  greater  variations  in  their  life-history  than  has 
generally  been  admitted.  The  amount  of  hydrogen,  according 
to  my  present  view,  which  a  star  is  able  to  condense  depends  on 
its  mass,  and  on  the  amount  of  hydrogen  which  happens  to  be 
present  in  the  neighborhood.  Whatever  there  was  originally 
may  already  have  been  drawn  toward  a  previously  formed  and 
bigger  star.  Hence  the  possibility  that  a  star  may  form  and 
never  pass  through  the  hydrogen  stage.  Even  when  the  star  has 
as  small  a  density  as  7  Leonis  probably  has,  it  may  give  the  spec- 
trum of  a  solar  star,  simply  from  the  want  of  a  hydrogen  atmos- 
phere. On  the  other  hand,  there  may  be  stars  which,  having 
attracted  a  large  quantity  of  hydrogen,  but  being  of  compara- 
tively small  total  mass  and  small  size,  are  not  able  to  absorb  the 
gas  completely,  and  may  remain  hydrogen  stars  without  passing 
through  the  solar  stage  at  all.  Finally,  the  difference  between 
the  Arcturian  and  solar  star  may  not  be  one  of  age  at  all,  but  of 
mass.  If  the  Arcturian  star  is  one  which  is  bigger,  it  will  be 
able   to   absorb   the  hydrogen   more   completely,   and   the   final 

"(Note  added  February  1903.)  I  have  obtained  interesting  results  by  a  mathe- 
matical discussion  of  the  phenomena  of  radiation  through  a  foggy  atmosphere. 
These  I  hope  soon  to  be  able  to  publish  in  this  Journal. 
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state  of  equilibrium  will  be  such  that  the  hydrogen  lines  will  be 
thinner  than  in  the  Capellan  or  solar  star. 

This  seems  a  plausible  explanation  of  the  results  of  Mr. 
Monck,  who  finds  the  Arcturian  star  to  have  a  smaller  proper 
motion  than  the  solar  stars.  They  are,  if  my  views  are  true, 
brighter  though  cooler,  because  their  surface  is  larger,  and 
hence,  on  the  average,  they  are  farther  away.  The  theory,  if  I 
may  call  it  so,  also  gives  an  explanation  of  a  very  curious  fact, 
which  I  venture  to  think  has  not  so  far  been  satisfactorily 
accounted  for.  In  the  case  of  double  stars,  it  is  often  found 
that  the  brighter  one  is  yellow  and  gives  a  solar  spectrum,  while 
the  smaller  one  is  blue  and  gives  a  hydrogen  spectrum.  The 
larger  one,  though  it  may  originally  have  attracted  more  hydro- 
gen to  itself,  will  be  able  to  absorb  it  more  rapidly,  and  thus 
pass  through  the  stages  of  spectroscopic  evolution  more 
quickly. 

There  is  a  marked  difference  between  this  explanation  and 
that  advocated  by  Sir  William  Huggins,  according  to  whom  a 
star  of  small  mass  would  run  rapidly  through  the  various  stages  of 
evolution.  We  both  agree,  of  course,  in  the  main  fact,  that  a  small 
mass  would  lose  heat  more  rapidly,  but,  according  to  the  views 
here  put  forward,  there  is  a  counterbalancing  tendency  in  the 
fact  that  a  large  mass  would  absorb  the  hydrogen  more  quickly, 
and  therefore  show  a  more  rapid  tendency  to  pass  from  the 
state  in  which  it  gives  a  hydrogen  spectrum  to  the  state  in 
which  the  metallic  lines  become  prominent. 

I  will  not  discuss  the  question  of  the  spectra  of  the  third  and 
fourth  types,  for  the  reason  that  we  have  not  sufficient  data  to 
form  any  decided  opinion  about  them.  As  regards  the  spectra  of 
the  third  type,  it  has  already  been  mentioned  that  opinions  differ 
as  to  whether  their  position  is  anterior  to  the  hydrogen  or  pos- 
terior to  the  solar  star,  and  there  are  valid  arguments  on  both 
sides.  The  carbon  stars  are  really  disconnected  from  the 
others,  and  though  they  may  ultimately  be  found  to  have  a 
place  in  a  general  system  of  classification,  there  is  at  present 
nothing  to  show  that  they  are  not  sin  generis  and  the  result  of 
condensation  in  a  space  where  carbonaceous  matter  happened  to 
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be  abundant.  It  has  already  been  mentioned  that  they  seem  to 
show  bright  lines,  and  therefore  probably  belong  to  an  early, 
rather  than  a  late,  stage  of  condensation.  I  know  that  the  great 
principle  of  uniformity  will  be  quoted  against  any  supposition 
that  a  particular  class  of  stars  is  essentially  different  in  its  com- 
position from  others,  but  I  believe,  on  the  other  hand,  that  the 
skies  bear  ample  evidence  of  real  differences  in  composition. 
There  is  only  need  to  mention,  for  instance,  the  dark  bodies 
which  by  their  passage  in  front  of  companion  stars,  produce 
the  variation  of  light  of  the  Algol  variables.  The  obscuring 
stars  have  a  density  considerably  less  than  that  of  water,  and,  as 
their  temperature  is  low,  they  must  be  composed  of  elements 
differing  widely  from  those  which  make  up  the  Earth  or  the 
Sun.  I  cannot  therefore  admit  the  validity  of  an  argument 
based  on  the  so-called  law  of  uniformity,  which  has  always 
proved  a  fallacious  guide. 

Examples  are  plentiful  in  the  history  of  science  where  the 
law  of  uniformity  might  have  been  quoted,  and  has  been  quoted, 
in  support  of  obsolete  moribund  theories.  Thus  the  savage, 
knowing  that  fire  can  be  made  by  intelligent  hands,  uncon- 
sciously applied  the  law  of  uniformity  to  conclude  that  the 
lightning  which  set  fire  to  the  forests  was  caused  by  intelligent 
beings,  surpassing  him  in  grandeur  as  much  as  a  lightning  flash 
surpassed  the  feeble  fire  he  could  strike  himself.  When  he  saw 
the  Sun  apparently  moving  in  his  orbit,  he  was  compelled  by 
the  law  of  uniformity  to  conclude  that  an  intelligent  being  must 
carry  that  body  in  a  chariot.  When  the  mediaeval  magician  felt 
that  everything  in  this  world  seemed  created  and  centered 
around  man;  when,  moreover,  he  saw  the  Moon  obviously 
describe  an  orbit  around  the  Earth,  he  could  quote  the  law  of 
uniformity  against  the  Copernican  doctrine,  which  needlessly 
removed  the  center  of  the  universe  from  what  to  him  seemed  its 
evident  position.  Even  in  more  recent  times  false  analogies, 
and  conscious  or  unconscious  appeals  to  the  law  of  uniformity, 
have  been  constant  sources  of  deception. 

We  are  led  by  pure  reasoning,  and  without  any  consideration 
of  imaginary  laws,  to  consider  the  universe  to  be  in  the  state  of 
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a  clockwork  which  is  running  down.  We  can  form  some  idea 
guided  by  our  experience  and  observation,  how  a  star  may  have 
formed  and  may  pass  through  its  various  stages  to  extinction  ; 
but  to  say  that  all  stars  must  necessarily  pass  through  the  same 
stages,  to  conclude  that  Sirius  will  ever  look  like  Arctums,  is  to 
put  ourselves  in  the  position  of  one,  who  having  discovered  that 
there  is  a  certain  law  which  apparently  connects  the  ages  of 
children  with  their  height,  calls  the  law  of  uniformity  to  witness 
that  a  man  who  is  five  feet  high  is  necessarily  younger  than  one 
who  measures  six.  If  the  law  of  uniformity  had  reigned  at  creation, 
there  could  have  been  no  life,  for  there  can  only  be  uniformity 
in  death  ;  but  if  there  were  sufficient  diversity  of  position,  of 
mixture,  and  of  composition,  to  allow  of  aggregations  of  matter 
culminating  in  the  formation  of  worlds,  we  may  be  sure 
that  we  shall  be  able  to  trace  that  diversity  in  the  present 
composition  of  the  stellar  system.  The  universe  shows  law, 
order,  and  regularity,  but  it  refuses  to  be  forced  from  birth 
to  death  through  a  single  channel.  There  is  uniformity  no 
doubt,  but  it  is  a  uniformity  which  at  all  times,  and  in  all  places, 
is  relieved  by  endless  variety. 


A  NEW  VARIABLE    STAR   OF   UNUSUALLY  SHORT 

PERIOD.1 

By  G.  Muller  and  P.  Kempf. 

In  the  course  of  the  zone  observations  for  Part  III  of  the 
Potsdam  Photometric  Durchmusterung  it  appeared  that  the  two 
regular  measures  of  the  brightness  of  the  star  of  the  seventh 
magnitude  B. D.  +56?  i40o(a  =  9h  36°  44s;  8  =  56°  24/6  [1900]) 
in  1899  and  190 1  differed  from  each  other  by  an  amount  greater 
than  that  considered  permissible  for  this  Durchmusterung. 
Although  the  revision  observations  in  the  period  from  April  19 
to  June  4,  1902,  left  no  doubt  as  to  the  variability  of  the  star, 
they  nevertheless  gave  no  indication  as  to  the  character  of  the 
variation.  The  measures  were  continued  until  the  end  of  July, 
1902,  and  later  resumed  after  the  appearance  of  the  star  in  the 
eastern  heaven,  without  our  succeeding  in  detecting  the  char- 
acter of  the  variation.  It  was  not  until  the  13th  of  January  of 
this  year,  when  the  star  was  several  times  observed  during  a 
period  of  three  hours  in  the  course  of  the  evening,  that  a  decline 
and  rise  of  the  light  could  be  established  and  the  time  of  mini- 
mum approximately  derived  as  about  9h  20m  Potsdam  M.  T.  This 
showed  that  the  light  changes  occurred  in  a  comparatively  short 
time,  and  the  star  was  therefore  observed  on  the  same  night  at 
intervals  of  ten  minutes  until  shortly  before  sunrise.  A  definitive 
conclusion  as  to  the  still  somewhat  doubtful  character  of  the 
light-variation  was  reached  through  the  observations  of  January 
14,  which  were  carried  on  without  interruption  from  4h  48™  until 
9h  I9m  Potsdam  M.  T.  They  furnished  a  complete  view  of  the 
whole  light-curve,  and  thus  led  to  the  discovery  of  a  variable 
star  with  the  extraordinarily  short  period  of  only  four  hours,  the 
shortest  so  far  known. 

All  of  our  measures  of  the  new  variable  are  summarized  in 
tabular  form  below.     The  first  six  values  are  taken  from  the  zone 

1  Translated  from  advance  proofs,  furnished  by  the  authors,  of  a  paper  to  appear 
in  the  Sitzungsberichte  der  K.  Akad.  der  Wiss.  zu  Berlin. 
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observations  for  Part  III  of  the  Potsdam  Diirchmusterung  in  which 
the  variable  is  compared  with  fundamental  stars.  Fundamental 
stars  were  also  used  for  comparison  at  the  next  three  observa- 
tions on  June  10  and  25,  1902.  But  from  June  28,  1902,  the 
near-by  star  B.  D.  +  54?  1329  (a  =  gh  4im  44s;  8  =  54°  43 '7 
[1900])  served  exclusively  as  the  comparison  star.  For  its 
magnitude  we  obtain  from  comparisons  with  fundamental  stars 
the  following  ten  values:  7.65,  7.73,  7.81,  7.77,  7.68,  7.82,  7.64, 
7-63,  7.75,  and  7.85,  the  mean  of  which  is  7.73. 

The  first  five  columns  of  the  following  table  contain  succes- 
sively the  date  of  observation,  the  local  sidereal  time,  the  Green- 
wich Mean  Time,  the  designation  of  the  observer,  and  the 
magnitude  of  the  variable  as  derived  from  the  measures.  The 
last  three  columns  of  the  table  will  be  explained  later. 


Date 

Sid.  Time 

G.M.T. 

Obs. 

Mag. 

c. 

o.-c. 

Epoch 

1899,  May 

29 

I5hl6m 

9h55m 

K 

7.76 

794 

-18 

-7942 

19OI,  January 

17 

4  50 

8  12 

M 

8-33 

I  8.04 

+2Q 

-4358 

1902,  April 

19 

14  13 

11  32 

M 

8.12 

8.18 

-  6 

-1617 

April 

22 

14   2 

11  9 

K 

8.58 

8.40 

+  18 

-1599 

June 

2 

15  29 

9  55 

M 

7.89 

7.90 

—  1 

-1354 

June 

4 

15  22 

9  40 

K 

7.97 

7.90 

+  7 

-1342 

June 

10 

15  15 

9  10 

M 

7.84 

8.01 

-17 

—  1306 

June 

25 

15  47 

8  43 

M 

8.18 

8.29 

—  11 

-I2I6 

16  3 

8  59 

K 

8.19 

8.17 

4-  2 

June 

28 

16  39 

9  23 

M 

7.87 

8.05 

-18 

-1 198 

June 

29 

16  42 

9  22 

K 

8.06 

8.07 

—  1 

—  1 192 

July 

5 

17  17 

9  33 

M 

8.13 

!  8.05 

+  8 

—  1 156 

17  21 

9  37 

K 

8. 11 

8.0} 

+  » 

July 

6 

16  53 

9  5 

M 

8.28 

8.23 

+  5 

— 1150 

16  58 

9  10 

M 

8.18 

8.20 

—  2 

July 

12 

16  ^8 

8  27 

K 

8.36 

8-55 

-19 

-III5 

16  46 

8  35 

M 

8.29 

8-57 

-28 

-III4 

July 

15 

17  19 

8  56 

M 

8.43 

8.40 

+  3 

—  IO96 

17  24 

9  1 

M 

8.27 

8.35 

-  8 

July 

16 

17  7 

8  40 

M 

8.44 

8-57 

-13 

—  1090 

17  17 

8  so 

M 

8. Si 

8.48 

+  3 

17  23 

8  56 

M 

8.60 

8.41 

+  ■9 

July 

19 

18  b 

9  27 

M 

8. so 

8.19 

+11 

—  IO72 

18  11 

9  32 

M 

8.29 

8.16 

+  13 

July 

21 

16  57 

8  10 

M 

8.14 

8.12 

+  2 

—  I06l 

17  2 

8  15 

M 

8.04 

8.16 

—  12 

17  7 

8  20 

M 

8.21 

8.22 

—  I 

July 

28 

17  10 

7  56 

M 

8.07 

|  8.00 

+  7 

— 1019 

17  15 

8   1 

M 

7.91 

;  8.02 

—  II 

17  30 

S  16 

M 

8.09 

;  8. 11 

—  2 

November  27 

3  3 

9  47 

M 

8. 11 

7.90 

+21 

-  287 
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Date 

Sid.  Time 

G.M.T. 

Obs. 

Mag. 

c. 

O.-C. 

Epoch 

1902,  December   1 1 

3bIIm 

9h   0 

K 

8.18 

8.04 

+  14 

—   203 

December   12 

3     7 

8  52 

M 

8.17 

8.08 

+  9 

-    197 

3  13 

8  58 

K 

8.09 

8.05 

+  4 

December   13 

3  36 

9   17 

M 

8.02 

7.98 

+  4 

-    191 

3  43 

9  24 

K 

8.03 

795 

+  8 

December  14 

3  53 

9  30 

M 

7.81 

7-94 

-13 

-    I85 

3  59 

9  36 

K 

7.91 

7.92 

—   1 

J9°3»  January       12 

4  23 

8     6 

M 

8.16 

8.26 

—  10 

—       12 

4  3i 

8  14 

K 

8.34 

8.41 

-  7 

January       1 3 

3  26 

7     5 

M 

7.90 

7-93 

-  3 

-       6 

3  29 

7     8 

K 

7.90 

793 

-   3 

4  20 

7  59 

K 

8.06 

8.15 

-   9 

4  25 

8     4 

M 

8.15 

8.21 

-  6 

5  18 

8  57 

K 

8.35 

8.32 

+  3 

-       5 

5  24 

9     3 

M 

8.19 

8.27 

-  8 

6  21 

10     0 

M 

8.00 

7.96 

+  4 

6  28 

10     7 

K 

7-99 

7-94 

+  5 

13     0 

16  38 

M 

8-53 

8.52 

+  1 

-       3 

• 

13     3 

16  41 

M 

8.46 

8.49 

-  3 

13  17 

16  55 

M 

(8.63) 

8.34 

+29 

13  28 

17     6 

M 

8.34 

8.25 

+  9 

13  35 

17   13 

M 

8.28 

8.20 

+  8 

13  47 

17  25 

M 

8.04 

8.13 

-   9 

13  59 

17  37 

M 

8.05 

8.06 

—    1 

14  12 

17  50 

M 

8.03 

8.00 

4-  3 

14  21 

17  59 

M 

7-99 

7-97 

+  2 

M  33 

18  11 

M 

7.86 

7-93 

-   7 

14  44 

18  22 

M 

7-93 

7.91 

+  2 

January        14 

0  20 

3  56 

M 

8.27 

8.12 

+  15 

—       1 

0  30 

4     6 

K 

8.20 

8.22 

—   2 

0  35 

4  H 

K 

8-35 

8.29 

+  6 

0  43 

4  19 

M 

8.^8 

8.45 

-  7 

0  49 

4  25 

M 

8.64 

8-55 

+  9 

0  55 

4  31 

K 

8.57 

8.58 

—       I 

1     4 

4  40 

K 

8-55 

8.51 

+  4 

0 

1     8 

4  44 

M 

8.55 

8-47 

+  « 

1   15 

4  5i 

M 

8.38 

8-39 

—       I 

1  22 

4  58 

K 

8.30 

8.^2 

—    2 

1  26 

5     2 

K 

8-33 

8.29 

+  4 

1  35 

5  11 

M 

8.16 

8.23 

-   7 

1  40 

5  16 

M 

8.31 

8.19 

+  12 

1  45 

5  21 

K 

8.22 

8.16 

+  6 

1  5i 

5  27 

K 

8.09 

8.12 

-   3 

1  57 

5  33 

M 

8.00 

8.08 

-  8 

2     3 

5  39 

M 

8.oq  ' 

8.0S 

+   4 

2  10 

5  46 

K 

8.02  1 

8.02 

0 

2  15 

5  5i 

K 

8.15  1 

8.00 

+15 

2  22 

5  58 

M 

7-QQ  1 

7.98 

+  1 

2  29 

6     5 

M 

7.  gs 

7-95 

+  3 

2  36 

6   12 

K 

7.90  1 

7.03 

~~   3 

2  44 

6  20 

K 

7.89  | 

7-01 

-  2 

2  51 

6  27 

M 

7-83  1 

7-90 

-   7 

2  59 

6  35 

M 

7.82  1 

7  00 

-  s 

3     6 

6  42 

K 

7.91 

7-90 

+   1 

3  12 

6  48 

K 

7.8s 

7.90 

—   2 
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Date 


1903, January         14 


January         17 


Sid  Time 

G.M.T. 

Obs. 

Ma^. 

C. 

C 

.-C. 

Epoch 

■jh  22m 

6h57m 

M 

7-95 

7.91 

-  4 

3  28 

7     3 

M 

8.00 

7.92 

-  8 

3  34 

7     9 

K 

7-94 

7-93 

-   1 

3  43 

7  18 

K 

8.06 

7.95 

-11 

3  49 

7  24 

M 

8.04 

7-97 

-  7 

3  55 

7  30 

M 

8.03 

7-99 

+  4 

4     1 

7  36 

K 

8.05 

8.02 

+  3 

0 

4     7 

7  42 

K 

7.96 

8.04 

-   8 

4   M 

7  49 

M 

8.10 

8.08 

+  2 

4   19 

7  54 

M 

8.21 

8. 11 

+  10 

4  23 

7  58 

K 

8.10 

1  8.14 

-   4 

4  38 

8   13 

M 

8.42 

8.33 

+  9 

4  42 

8   17 

M 

8.43 

8.41 

+  2 

4  44 

8   19 

K 

8.45  ' 

,  8.45 

0 

4  52 

8  27 

K 

8.59 

8.56 

+  3 

0  31 

3  55 

K 

8.02 

8.09 

-  7 

17 

0  3S 

4     2 

K 

8.16 

8.14 

+  2 

0  44 

4     8 

M 

8.19 

8.19 

0 

0  50 

4   M 

M 

8.40 

8.28 

+12 

0  54 

4   18 

K 

8-35 

8-35 

0 

1     0 

4  24 

K 

8.41 

8.48 

-  7 

1     5 

4  29 

M 

8.50  , 

8.55 

-  5 

1   12 

4  36 

M 

8.56 

8.58 

—  2 

18 

1   15 

4  39 

K 

8.66  1 

!  8.S6 

+  10 

1  22 

4  46 

K 

(8.74) 

8.49 

+25 

1   25 

4  49 

M 

8-37 

8.45 

-   8 

1  3i 

4  55 

M 

8.37 

8.39 

—   2 

1  35 

4   59 

K 

8.36 

8.35 

+  1 

1  41 

5     5 

K 

8-35 

8.30 

+  5 

1  46 

5   10 

M 

8.24 

■  8.26 

—  2 

1  52 

5   16 

M 

8.24 

,  8.22 

+  2 

1  55 

5  19 

K 

S.05 

8.20 

-15 

2     2 

5  26 

K 

8.12   | 

8.15 

-  3 

2     5 

5  29 

M 

8.10  1 

8.13 

-  3 

2  11 

5  35 

M 

7.90  1 

8.10 

—  20 

2  15 

5  39 

K 

7-99  1 

8.07 

-  8 

2  20 

5  44 

K 

8.09 

8.0s 

+  4 

2  25 

5  49 

M 

8.00 

8.03 

—   3 

2  31 

5  55 

M 

8.09 

8.00 

+  9 

2  36 

6     0 

K 

7-97 

7.98 

—   1 

2  42 

6     6 

K 

7.94 

7-9<> 

—   2 

2  48 

6  12 

M 

7-91 

7-94 

-  3 

2  55 

6   19 

M 

7.88 

7.92 

-   4 

3     3 

6  27 

K 

7.89 

7.91 

—   2 

3   '0 

6  34 

K 

7-90 

7.90 

0 

3   17 

6  41 

M 

7.83 

7-90 

-  7 

3  23 

6  47 

M 

8.00  j 

7.90 

+  10 

3  3i 

t  55 

K 

7-87 

7-90 

-   3 

3  39 

7     3 

K      ; 

7.90  1 

791 

—    S 

3  45 

7     9 

M 

8.07 

7-93 

+  14 

3  50 

7   M 

M 

7-95  , 

7-94 

+   1 

3  5<> 

7  20 

K 

cS.OI 

7-95 

+  6 

4     2 

7  26 

K 

7-93 

7.96 

-  3 

4   M     , 

7  38 

M      ] 

8.15 

8.01 

+  14 

4    19 

7  43 

M 

8. 11 

8.03 

+  8 
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Date 

Sid.  Time 

G.M.T. 

Obs. 

Mag. 

C. 

O.-C. 

Epoch 

1903,  January    17 

4h26m 

7h5om 

K 

7-99 

8.06 

-  7 

4  32 

7  56 

K 

8.I4 

8.10 

+  4 

4  37 

8  1 

M 

8.08 

8.13 

-  5 

4  43 

8  7 

M 

8.28 

8.18 

+  10 

4  46 

8  10 

K 

8.17 

8.22 

-  5 

4  52 

8  15 

K 

8.27 

8.29 

—  2 

4  55 

8  18 

M 

8-34 

8-35 

—  1 

5  0 

8  23 

M 

8.60 

8-45 

+  15 

5  3 

8  26 

K 

8.58 

8.52 

+  6 

5  9 

8  32 

K 

8.64 

8.56 

+  8 

5  13 

8  36 

M 

8.61 

8.58 

+  3 

19 

5  18 

8  41 

M 

8.37 

8-54 

-17 

5  20 

8  43 

K 

8.54 

8.52 

+  2 

5  26 

8  49 

K 

8.34 

8.45 

—  11 

5  30 

8  53 

M 

8.33 

8.41 

-  8 

5  36 

8  59 

M 

8.28 

8-35 

-  7 

5  38 

9  1 

K 

8.24 

8.33 

-  9 

5  44 

9  7 

K 

8.19 

8.28 

-  9 

5  5i 

9  14 

M 

8.15 

8.23 

-  8 

5  56 

9  19 

M 

8.17 

8.20 

-  3 

January    18 

4  30 

7  50 

M 

8.01 

8.06 

-  5 

24 

4  36 

7  56 

M 

7.87 

8.09 

—  22 

4  39 

7  59 

K 

7-99 

1  8. 11 

—  12 

4  44 

8  4 

K 

8.27 

8.15 

+  12 

4  48 

8  8 

M 

8.07 

|  8.18 

—  11 

4  52 

8  12 

M 

8.31 

1  8.23 

+  8 

4  55 

8  15 

K 

8.24 

1  8.28 

-  4 

5  1 

8  20 

K 

8.36 

'  8.37 

—  1 

5  4 

8  23 

M 

8.45 

1  8.43 

+  2 

5  9 

8  28 

M 

8.57 

8.53 

+  4 

5  12 

8  31 

K 

8.45 

8.56 

—  11 

5  18 

8  37 

K 

8-57 

1  8.58 

—  1 

25 

5  21 

8  40 

M 

(8.28) 

8.56 

-28 

5  26 

8  45 

M 

8.51 

8.51 

0 

5  29 

8  48 

K 

8.42 

8.48 

-  6 

5  34 

8  53 

K 

8.41 

8.42 

—  1 

5  38 

8  57 

M 

8-37 

8.38 

—  1 

5  43 

9  2 

M 

8.2s 

8-33 

—  S 

5  45 

9  4 

K 

8.26 

8.31 

-  5 

5  5i 

9  10 

K 

8.14 

8.27 

-13 

The  graphical  representation  of  the  observations  of  January 

14,  17,  and  18  gave  the  following  four  minima,  the   uncertainty 

of  which  can  be  estimated  at  10  minutes  at  most: 

-     4h34m  G.M.T. 
4   40 
-  -     8  31 

8  34 

The  combination  of  these   data  yielded  the  first  provisional 

elements  of  the  variable : 

Min.  =  1903  Jan.  i4d  411  34'"  G.M.T.  +  4h  o'.'o  K. 


Jan.  14 
17 
17 
18 
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The  uncertainty  of  the  period  cannot  in  any  case  be  assumed 
to  be  greater  than  1  minute,  whence  the  true  value  must  lie 
between  3h  59™  and  4h  im. 

The  observations  of  the  year  1902  can  be  utilized  for  correct- 
ing the  first  approximation  of  the  period.  Since  the  brightness 
of  the  star  at  minimum  is  approximately  8.6,  it  is  at  once  evident 
that  the  observations  of  April  22  and  July  16  were  made  very 
nearly  at  the  time  of  a  minimum ;  the  uncertainty  could  hardly 
amount  to  more  than  from  20  to  25  minutes.  Combining  these 
two  dates  together  and  with  the  minimum  of  January  14,  it  can 
easily  be  proved  that  only  the  four  following  periods  can  come 
into  consideration,  each  of  which  can  have  a  play  of  not  more 
than  ±:  0.03  minutes: 

4h  o»65  ;  411  0-21  ;  3h  59™77  ;  3b  59m33- 

It  may  be  further  shown,  with  the  employment  of  a  light- 
curve  provisionally  derived  by  comparison  with  the  remaining 
observations  of  1902,  that  the  first  and  the  last  two  of  the  above 
four  values  are  to  be  rejected  within  their  whole  range,  because 
they  yield  inadmissibly  large  deviations  between  the  computed 
and  observed  brightness.  The  second  value  only  remains,  and 
its  application  is  limited  to  the  range  from  0^20  to  0T22.  We 
therefore  assume  as  the  second  approximation,  after  a  slight  dis- 
placement of  the  epoch,  the  elements  : 

Min.  =  1903  Jan.  i4d  4h  32'"  G.M.T.  +  4h  or!'2i  E. 

This  formula  was  now  used  for  constructing  the  light-curve 
of  the  variable  from  the  measures  of  January  12-18,  the  epochs 
of  minima  being  computed  by  it,  and  the  differences  of  time  of 
the  separate  data  of  observation  as  compared  with  the  previous 
mimimum  were  formed.  In  all  143  measures  were  employed  for 
the  light-curve;  three  of  these  (distinguished  in  the  table  of 
observations  by  parentheses)  were  excluded,  as  they  were  clearly 
affected  by  somewhat  large  errors  of  observations,  and  would 
have  influenced  the  result  too  strongly.  The  remaining  140 
measures  were  arranged  in  order  of  their  distance  from  a  mini- 
mum and  were  finally  combined  in  twenty  mean  values,  each  from 
seven  measures.  These  normal  values  are  contained  in  the  fol- 
lowing table : 
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NORMALS. 


Distance  from 

Observed 

Minimum 

Magnitude 

Curve 

0.— C. 

0h    3m 

8.55 

8.56 

—  1 

0    II 

8.46 

8.48 

—  2 

0    20 

8.36 

8.38 

—  2 

o  27 

8.30 

8.31 

—  I 

0  35 

8.20 

8.25 

-5 

0  44 

8.20 

8.I9 

+  1 

0  59 

8. 11 

8.10 

+  1 

1   14 

8.07 

8.02 

+5 

1  29 

7.98 

7.96 

+2 

1  44 

7.89 

7.92 

-3 

2     5 

7.88 

7.90 

—  2 

2  29 

7.96 

7.92 

+4 

2  46 

7  99 

7-95 

+4 

3     9 

8.05 

8.04 

+1 

3  22 

8.08 

8. 11 

-3 

3  28 

8.16 

8.15 

+1 

3  35 

8.23 

8.23 

0 

3  42 

8-35 

8-35 

0 

3  47 

8.47 

8.46 

+1 

3  54 

8.57 

8.56 

+« 

The  accompanying  light-curve  was  drawn  with  the  aid  of 
these  values.  The  magnitudes  read  off  from  the  curve  for  every 
five  minutes  are  collected  in  the  following  table  : 


TABLE  OF  MAGNITUDES. 


Distance  from 

Magni- 
tude 

Distance  from 

Magni- 
tude 

Distance  from 

Magni- 

Distance from 

Magni- 
tude 

Minimum 

Minimum 

Minimum 

tude 

Minimum 

0h    0ra 

8.58 

jh    0m 

8.O9 

2h     0m 

7.90 

3h   om 

8.00 

0     5 

8-54 

1     5 

8.06 

2     5 

7.90 

3     5 

8.02 

0    10 

8.49 

1   10 

8.O4 

2    10 

7.90 

3  10 

8.04 

0  15 

8-43 

1   15 

8.02 

2    15 

7.90 

3  15 

8.07 

0    20 

8.*8 

1  20 

8.00 

2    20 

7.90 

3  20 

8.10 

0  25 

8-33 

1  25 

7.98 

2    25 

7-91 

3  25 

8.13 

0  30 

8.29 

1  30 

7.96 

2    30 

7-92 

3  30 

8.17 

0  35 

8. 25 

1   35 

7.94 

2  35 

7-93 

3  35 

8.23 

0  40 

8.22 

1   40 

7.93 

2  40 

7-94 

3  40 

8.31 

0  45 

8.18  ■ 

1   45 

7.92 

2  45 

7-95 

3  45 

8.41 

0  50 

8.15 

1  50 

791 

2  50 

7.96 

3  50 

8.52 

0  55 

S.12 

1  55 

7.90 

2  55 

7.98 

3  55 

8.56 

1     0 

8.09  I 

2     0 

7.90 

3     0 

8.00 

4     0 

8.58 

The  magnitudes  taken  from  this  table  are  given,  along  with 
the  observed  magnitudes,  in  the  above  table  of  the  normal  values 
in  the  column  entitled  "Curve."  The  differences  between 
observation  and  computation  are  given  in  the  last  column. 
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As  may  be  seen  from  the  table  of  magnitudes,  and  still  better 
from  the  drawing,  the  light-variation  proceeds  very  rapidly 
around  the  time  of  minimum,  the  curve  at  minimum  almost 
forming  an  acute  angle.  The  decline  to  the  least  brightness  is 
somewhat  steeper  than  the  rise  thereafter,  the  two  branches  not 
being  entirely  symmetrical.  The  maximum  is  far  less  sharply 
pronounced  than  the  minimum,  but  the  observations  appear  to 
exclude  the  possibility  that  the  star  remains  at  its  greatest 
brightness  without  change  for  some  time  ;  wherefore  it  cannot  be 
regarded  as  of  the  Algol  type.  It  is  somewhat  striking  that  the 
normal  values  at  about  an  hour  before  the  maximum,  and  simi- 
larly some  time  afterward,  lie  in  general  below  the  curve. 
The  impression  is  given  of  a  short  pause  at  these  times  in  the 
increase  or  decrease  of  the  light,  and  as  if  the  curve  ought  to  be 
drawn  with  two  depressions.  It  cannot  be  proven  without  a 
much  greater  amount  of  observed  data  whether  these  irregulari- 
ties are  actually  real,  or  are  to  be  assigned  to  uncertainty  or 
prepossession  during  the  observations.  We  have  paid  no  atten- 
tion to  them  at  present. 

It  should  be  remarked  further  that  the  observations  up  to 
this  time  give  no  indication  of  a  different  brightness  at  the  even 
and  the  odd  minima.  Any  irregularity  in  the  intervals  between 
every  two  successive  minima  is  equally  impossible  of  recognition. 
The  definitive  table  of  magnitudes  was  further  employed  for 
more  closely  limiting  the  second  approximation  of  the  period. 
Here  the  first  two  observations  of  1899  and  1901  could  be 
employed,  the  one  of  which  must  lie  at  the  time  of  maximum 
and  the  other  not  far  from  a  minimum.  Different  trials  showed 
that  the  most  probable  value  of  the  period  is  included  between 
4h  0T210  and  4h  OT220,  and  in  fact  the  sum  of  the  squares  of  the 
residuals  was  least  for  the  values  0™2I2  and  0T214.  We  adopted 
the  mean  from  these  values,  and  assume  as  the  most  probable 
elements  of  the  new  variable  at  the  present  time : 

Min.=  1903,  January  i4d  4h  32m  G.  M.  T.+  4h  ora  i2?8E. 
The  error  of    the  period  can  hardly  be  more  than   0*5,  and 
the  correction  to  it  cannot  be  expected  for  a  number  of  months. 
The  last  columns  in  the  table  of  measures   show  how  all    the 
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observations  are  represented  by  the  above  period.  The  magni- 
tudes as  taken  from  the  light-curve  are  there  given,  together  with 
the  deviations  between  observation  and  computation.  The  last 
column  contains  further  the  number  of  the  epoch  of  the  minimum 
preceding  the  observations  in  question,  reckoned  from  the  initial 
epoch  1903,  January  14.  On  the  whole,  the  representation  may 
be  considered  as  satisfactory  —  among  the  181  observations  there 
is  no  deviation  greater  than  0^29. 

The  most  rapid  oscillations  in  brightness  among  the  variables 
hitherto  known  are  exhibited  by  two  stars  in  the  star  cluster  a* 
Centauri,  which  is  rich  in  variables;  their  periods  are  7h  il?4 
and  7h  42*8.  5  Antliae  follows  next  with  a  period  of  7h  46^8. 
Periods  between  8h  and  9h  are  found  for  several  variables  in  that 
cluster.  U  Pegasi  should  be  finally  mentioned,  the  period  of 
which  is  given  as  5h  32l\2  in  Chandler's  third  catalogue,  but 
which  exhibits  secondary  minima  according  to  Pickering's  inves- 
tigations {Harvard  Circu/arNo.  23),  and  has  a  period  of  8h  59°7- 

The  discovery  of  the  new  variable  raises  the  question  of  the 
cause  of  this  exceedingly  rapid  light-variation.  We  might  first 
think  with  Zollner  of  a  rotating  body  whose  surface  possesses  a 
very  unequal  distribution  of  brightness  as  a  consequence  of  an 
advanced  stage  of  cooling.  This  view  is  opposed  by  the  white 
color  of  the  star,  for  we  may  assume  a  yellowish  or  reddish  color 
for  all  stars  which  are  strongly  cooled  off.  Another  natural 
supposition  would  be  that  of  a  figure  widely  departing  from  a 
sphere,  perhaps  a  long  ellipsoid  or  a  body  similar  to  one  of 
Darwin's  figures  of  equilibrium,  which  rotate  about  one  of  the 
lesser  axes.  This  explanation,  however,  would  meet  with  diffi- 
culties, because  it  can  hardly  be  possible  to  represent  the  particu- 
lar form  of  light-curve  observed,  especially  the  very  rapid  changes 
of  brightness  at  minimum  and  the  very  slow  changes  around  the 
time  of  maximum. 

We  may  finally  consider  the  hypothesis  that  the  light-varia- 
tion is  produced  by  two  celestial  bodies  almost  equal  in  size  and 
luminosity  whose  surfaces  are  at  a  slight  distance  from  each 
other,  and  which  at  times  almost  centrally  occult  each  other  in 
their  revolution.      In   this   case  the  observed  light-curve  can  be 
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almost  exactly  represented  by  computation.  The  fact  that  the 
difference  of  brightness  between  maximum  and  minimum  is 
somewhat  less  than  \  mag.  would  indicate  that  one  body  is  a 
little  smaller  than  the  other,  or  that  the  occultation  is  not  quite 
central.  On  this  hypothesis  we  have  only  one  difficulty,  and  the 
not  inconsiderable  one,  as  to  whether  such  a  system  is  mechan- 
ically possible  and  can  remain  stable  for  any  length  of  time. 
But  in  spectroscopic  binaries  we  have  already  come  to  know 
systems  the  existence  of  which  formerly  had  to  be  considered  as 
doubtful  on  similar  grounds,  and  it  would  perhaps  be  possible  by 
more  exhaustive  theoretical  investigations  to  demonstrate  also 
the   permissibility  of  the  assumption  of  still  closer  double  stars. 

Potsdam, 
February  1903. 


THE  SPECTROSCOPIC    BINARY  o  PERSEI.1 

By    H.   C.    Vogel 

The  Astrophysical  Journal  for  April  1902  (15,  214)  con- 
tains a  communication  by  Mr.  W.  S.  Adams  as  to  certain  spec- 
troscopic binaries  recently  found  at  the  Yerkes  Observatory. 
The  following  five  observations  were  given  of  the  star  o  Persei 
(a=3h38m;  8=31°   58'): 

1902,  February   19         -         -  -  -(-134km 

February  2 1      -         -         -  -    —  77 

March  4       -         -         -         -         +128 
April  2  -         -         -         -     —  1 17 

April  3       .--  -      4 

A  few  plates  of  the  spectrum  of  this  star,  taken  by  Dr.  Eber- 
hard  with  Spectrograph  IV  attached  to  the  photographic  refrac- 
tor (32.5  cm)  of  the  Potsdam  Observatory,  showed  that  o  Persei 
could  also  be  successfully  observed  with  this  telescope  with  the 
employment  of  the  large  dispersion  given  by  Spectrograph  IV. 
Thus  far  eighteen  spectrograms  have  been  obtained  by  Dr.  Eber- 
hard,  with  the  assistance  of  Dr.  Scholz,  and  I  have  undertaken 
their  measurement  and  discussion. 

The  star  is  of  the  fourth  magnitude,  and  has  an  ill-defined 
spectrum  of  Class  lb,  on  earlier  plates  of  which,  taken  with  less 
dispersion,  I  was  able  to  measure  sixteen  lines,  chiefly  due  to 
hydrogen  and  helium.2  Even  with  low  dispersion  the  lines  were 
very  weak  and  obscure,  particularly  those  of  hydrogen.  With 
the  higher  dispersion  of  Spectrograph  IV  there  was  visible,  in 
the  part  of  spectrum  investigated  (from  A.  43 15  to  A.  4495),  the 
hydrogen  line  Hy  as  a  faint  brightening  in  the  continuous  spec- 
trum. The  helium  line  X4472,  which  was  also  visible  and 
measurable,  was  very  weak  and  broad;  the  helium  line  X4388, 
which   was    measurable   on    most  of  the    plates,   was  similar   to 

1  Translated  fr  >in  advance  proofs,  furnished  by  the  author,  of  a  paper  to  appear 
in  the  Sitzttttn^erirhU  der  K.  Akad.  zit  Berlin. 

2  Puhl.  des  Astrophys.    Ofis.,   12,   33. 
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X4472.  On  some  of  the  plates  there  were  indications  of  the 
presence  of  a  line  somewhat  less  refrangible  than  X4388,  and  of 
the  Mg  line  at  X4481.  This  Mg  line  was  indeed  distinctly  visi- 
ble on  several  plates  when  they  were  viewed  with  a  magnifying 
glass,  but  it  disappeared  under  the  higher  magnification  of  the 
microscope.  On  some  plates  the  helium  line  X4388  (and  also 
4472)  appeared  fringed  with  bright  edges,  similar  to  the  in- 
line X4352  and  the  hydrogen  lines  in  certain  stellar  spectra. 
The  measurements  could  therefore  be  made  only  upon  the  very 
broad,  diffuse  Hy  line  and  upon  the  two  weak  and  broad  lines 
of  the  cl&veite  gas  at  X4388  and  4472.  On  account  of  the  faint- 
ness  of  the  Hy  line  in  the  spectrum  of  o  Persei,  I  could  not  here 
employ  the  method  I  had  previously  used  with  advantage  of 
increasing  the  accuracy  of  the  measurements  of  the  broad  and 
ill-defined  Hy  line  of  most  spectra  of  Class  I  by  covering  the 
line  with  a  somewhat  narrower  pointer,  which  was  then  moved 
back  and  forth  until  the  diffuse  edges  of  the  Hy  line  were  equally 
distant  to  the  right  and  left  of  the  pointer.  For  the  same  reason 
the  double  thread  could  never  be  used  during  the  measurements. 

Dr.  Eberhard  took  the  greatest  pains  to  suit  the  exposure 
time  to  the  atmospheric  conditions,  and  gave  especial  care  in  the 
development  of  the  plates.  The  exposures  varied  from  30  to  60 
minutes,  averaging  :40  minutes.  The  slit-width  was  always 
0.02mm. 

I  should  further  state  that  1  derived  the  displacement  of  the 
lines  in  the  stellar  spectrum  from  measures  of  the  distance  of 
the  three  above-mentioned  lines  from  neighboring  lines  of  the 
Fe  comparison  spectrum.  At  least  six  settings  were  made  on 
each  star  line,  usually  with  a  power  of  20  ;  the  measurements 
were  also  often  repeated  with  the  use  of  different  magnifica- 
tions— from  10  to  35.  The  precaution  was  also  always  taken 
of  not  making  the  settings  of  the  micrometer  thread  on  the  star 
line  one  after  another,  but  with  interruptions,  in  order  that  the 
eye  should  not  be  too  greatly  fatigued  by  the  difficult  meas- 
ments,  and  in  order  to  be  free  from  any  distinct  Autfassiuig  due 
to  peculiarities  of  the  photographic  film.  The  smallest  irregu- 
larities in  the  silver  deposit  may  have  a  great  effect  on  the  weak 
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lines  of  the  spectrum,  and  it  is  often  difficult  to  obtain  a  correct 
Auffassung.  To  illustrate  this  further,  I  would  say  that  with  a 
power  of  io  one  of  the  lines  on  a  certain  plate  appeared  to  be 
quite  oblique  to  the  direction  of  the  length  of  the  spectrum, 
while  with  higher  powers,  which  clearly  brought  out  the  grain  of 
the  plate,  it  turned  out  that  the  impression  of  an  oblique  posi- 
tion of  the  line  was  produced  by  a  small  cross-mark  which  had 
been  formed  within  the  stellar  line  by  the  running  together  of 
several  silver  grains. 

The  table  on  p.  215  gives  the  velocities  resulting  from  the 
displacements  of  the  line  Hy  (a),  X4388  (£),  and  X4472  (c). 

The  arrangement  of  the  table  requires  no  further  explanation. 
I  have  rounded  the  velocities  off  to  kilometers,  in  conformity  to 
the  low  degree  of  certainty  of  the  measurements.  A  low  rela- 
tive weight  was  given  to  some  of  the  measurements  in  the  record 
of  measures,  which  has  been  added  in  parentheses  and  was  taken 
into  account  in  forming  the  means.  A :  indicates  less  accuracy. 
In  the  last  column  1  denotes  very  good,  4  bad. 

On  Plate  No.  1269  a  very  fine  double  line  is  visible  approxi- 
mately at  the  position  of  the  Mg  line  X  448 1  ;  it  would  yield  a 
velocity  of  —74  km.  I  regard  this  fine  double  line,  however,  as 
a  defect  on  the  plate,  and  have  therefore  not  included  that 
measure  in  the  table.  Something  similar  appears  within  the 
helium  line\4472  on  Plate  1271,  where  a  fine  line  is  visible 
somewhat  less  refrangible  than  the  center  of  the  line ;  but  I 
must  regard  this  also  as  a  defect  in  the  silver  deposit.  A  veloc- 
ity of  —64  km  would  be  derived  from  its  measurement. 

I  now  sought  to  combine  the  observations  by  a  curve,  and 
found  that  the  period  may  be  taken  as  4.39  days.  Its  more 
accurate  derivation  will  not  be  possible  without  further  observa- 
tions extending  over  a  longer  time.  The  assumption  of  4.39 
days  has  been  sufficient,  however,  for  the  reduction  of  the  dif- 
ferent observations  to  the  duration  of  the  period,  for  the  pur- 
pose of  a  more  obvious  graphical  representation.  It  appeared 
further  that  there  is  no  noticeable  departure  from  a  'circular 
orbit,  and  the  curve  in  the  figure  is  therefore  drawn,  not  so  as 
to  best  include  the  observations,  but  to  represent  a  circular  orbit 
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Date   (Central 
European  Time) 

Plate 
No. 

Velocity  Relative 
to  Earth 

Mean  Values  of  the 
Velocity 

Quality  of 
Observa- 
tion 

Rel.  to  Earth 

Rel.  to  Sun 

1902,  November 
^440 

1213 

a  +  51  km 

c  +  71 

+  61  km 

+   7lkm 

2 

5-431 

1224 

a  —119 
b  —115 
c  —131 

—  122 

-114 

2 

6.428 

1228 

a+     2 
b  -f    12 

*  -     3 

+     4 

+    12 

1-2 

7.378 

1234 

*  +  97 
b  +  87 
c  +113 

+  99 

+  106 

1-2 

8.374 

1237 

a  +  14 
b  +  21 

c   -     9 

+     9 

+    16 

2 

8.462 

1239 

a           0 
*  +  17 
'   -  41 

-     8 

—       I 

2 

10.361 

1242 

*   -   44 

<■   -   65 

-  55 

-  49 

2 

11.354 

1244 

a   +   85 
'  +  6i(i) 

+  77 

+  82 

3-4 

11. 401 

1245 

«  +  85 
*  +  84 
'  +  77 

+  82 

+  87 

1 

12.413 

1246 

a  +  47 

+  47 

+  52 

3 

14.355 

1252 

a  —   70 

*   -   74 

c   -  80 

-  75 

-   71 

2 

17.363 

1253 

*   -   28 
<*   -    12 
<r    —      I 

-   U 

—    12 

1 

18.379 

1257 

a    -113 
<5    —III 

c    —105 

—  no 

-108 

1 

19378 

1262 

<2     —     19 

b   —   24 
'    -    32(|) 

-  24 

-   23 

1-2 

20.364 

1265 

*  +  77 
b  +104 
'    f  98 

+  93 

+  94 

2 

22.415 

1269 

a  -   79 
£    —104: 

*•    -103 

-  95 

-  95 

2-3 

23.408 

1271 

a   —   58 
*   -   79(10 

'   -   77 

-   70 

-   7i 

1-2 

27.351 

1282 

a  —  92 
b   —103 

-   96 

-   99 

1 

2l6 
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computed  with  the  above  period  and  a  maximum  velocity  of 
1 10  km.  The  date  of  the  transition  from  positive  to  a  negative 
velocity  is   taken   as   November  8.50.     There  appears  to  be  a 
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Velocity-Curve  of  o  Persei. 

The  date   is  given  for  those  observed   points  which  were   reduced   to  the   portion 
of  the  curve  from  November  7  to  November  12  with  the  period  of  4.39  days. 

slight  difference  indicated  between  the  greatest  positive  and  the 
greatest  negative  values,  from  which  a  negative  value  of  several 
kilometers  would  follow  for  the  motion  of  the  system. 

The  accuracy  of  the  observations,  though  indeed  very  small, 
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nevertheless  turns  out  better  than  I  had  originally  expected. 
On  comparing  the  values  for  the  single  lines  on  a  plate  with  the 
mean,  the  probable  error  of  the  velocity  derived  from  one  line  on 
one^plate  comes  out  as  ±  9  km ;  accordingly  the  probable  error 
of  the  mean  of  the  measures  on  one  plate  will  be  ±  5  km. 

On  a  closer  examination  of  the  velocities  derived  from  three 
lines  on  a  plate  the  fact  must  nevertheless  attract  attention  that, 
with  the  exception  of  those  plates  on  which  the  lines  exhibit  a 
slight  displacement,  the  velocities  derived  from  the  displacement 
of  Hy  are  almost  always  smaller,  considered  absolutely,  than  the 
mean  value  from  the  measures  of  the  lines  in  the  spectrum  of 
the  cleveite  gas. 

The  derived  velocities  lie  within  20  km  on  the  four  plates 
1228,  1237,  1239,  and  1253. 

The  velocities  derived  from  the  two  helium  lines  are  almost 
equal  to  that  found  from  the  Hy  line  on  the  three  plates  1234, 
1245,  1257. 

The  Hy  line  gives  distinctly  less  values  than  the  other  lines 
on  the  nine  plates,  1213,  1224,  1242,  1252,  1262,  1265,  1269, 
1 27 1,  and  1282.     The  deviation  averages  13  km. 

The  first  exposure  on  November  11,  No.  1244,  may  be 
excluded  as  too  weak,  and  on  Plate  1246  the  motion  is  derived 
solely  from  Hy.  The  departure  of  the  value  from  the  curve 
indicates  again,  however,  that  it  is  too  small. 

If  we  accept  these  deviations  as  real  it  follows  first  that 
after  the  origin  of  this  difference  has  been  discovered,  and  it  has 
been  taken  into  consideration,  the  probable  error  of  the  measures 
would  come  out  still  smaller  than  is  given  above.  But  it  is  of 
much  more  importance  that  the  discovery  of  the  occurrence  of 
this  anomaly  permits  a  further  insight  into  the  binary  system 
under  investigation,  as  I  shall  show  below. 

The  fact  that  a  periodic  doubling  of  the  lines  is  not  percepti- 
ble might  lead  us  to  assume  that  one  of  the  bodies  of  the  system 
is  dark,  but  the  marked  weakness  of  the  lines  of  the  spectrum  of 
the  cleveite  gas  leads  us  to  conclude,  however,  that  a  second 
spectrum  is  superposed  upon  it.  The  broad  and  diffuse  hydrogen 
lines,  moreover,  do  not  correspond  to  the  typical  spectrum  of  Class 
Id  and  lead  to  the  further  assumption  that  the  superposed  spec- 
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trum  must  belong  to  Class  1/22. x  The  very  delicate  metallic  lines 
which  appear  in  this  class  of  spectrum  along  with  the  broad  and 
diffuse  hydrogen  lines,  disappear  completely  as  the  result  of  the 
superposition  of  this  spectrum  by  the  spectrum  of  Type  l^of^the 
rapidly  revolving  body.  On  these  assumptions  it  is  now  very 
easy  to  explain  why  the  measures  on  Hy  yield  smaller  velocities 
than  those  on  the  cleveite  lines.  The  narrower  and  less  diffuse 
line  of  the  \b  spectrum  broadens  and  strengthens  the  maximum  of 
absorption  of  the  very  broad  and  diffuse  Hy  line  of  the  la2  spec- 
trum when  the  superposition  is  absolute.  When  the  two  spectra 
are  relatively  displaced  to  each  other  the  line  of  the  Id  spectrum 
remains  within  the  broad  line  of  the  other  spectrum,  but  the 
intensity  curves  of  the  two  lines  are  so  added  together  that  there 
results  a  broad  maximum,  unsymmetrically  placed  with  respect  to 
the  center  of  the  combined  image  of  the  two  lines.  The  measure  of 
the  Hy  line  of  the  periodically  displaced  \b  spectrum  is  therefore 
affected  by  the  Hy  line  of  the  \a2  spectrum,  and  this  occurs  in 
such  a  manner  that  the  measures  of  the  displacement,  regarded 
absolutely,  come  out  too  small.  The  extent  to  which  this  occurs 
naturally  depends  wholly  on  the  relative  intensity  of  the  absorp- 
tion lines  of  the  two  spectra  and  on  the  quality  of  the  spectro- 
gram. In  spite  of  the  faintness  and  breadth  of  these  absorption 
lines  it  is  to  be  assumed  that  two  maxima  could  be  perceived  in 
the  compound  Hy  line  at  the  time  of  the  greatest  displacement 
if  both  components  of  the  double  star  are  strongly  displaced. 
Even  with  a  less  motion  of  the  second  star  the  effect  on  the 
Auffassung  of  the  compound  Hy  line  would  have  to  be  stronger 
than  was  actually  the  case.  The  assumption  therefore  seems 
admissible  from  the  observations  that  the  center  of  gravity  of  the 
two  bodies  must  lie  very  close  to  the  star  with  the  \a2  spectrum, 
or  even  within  it. 

After  being  led  to  these  considerations  by  the  observations  I 
re-examined  all  the  plates  of  the  spectrum  of  o  Persei  and  found 

xThe  width  of  the  hydrogen  line  Hy  is  about  i.o  rev.,  that  of  the  helium  line  0.3 
rev.  One  revolution  of  the  screw  of  the  measuring  machine  is  0.25  mm,  and  the  dis- 
placement of  this  amount  corresponds  to  a  velocity  of  290  km  at  Hy%  or  340  km  at 
X4472. 
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a  very  good  confirmation  of  the  suspicions  above  expressed. 
With  a  strong  positive  velocity  the  brightest  point  (on  the  nega- 
tive) lay  unsymmetrically  to  the  center  of  the  Hy  line,  and  the 
line  was  more  diffuse  on  the  side  toward  the  violet,  as  was  clearly 
seen  on  Plates  12 13,  1234,  1245,  1265.  With  strong  negative 
motion  Hy  was  more  diffuse  toward  the  red,  distinctly  on  Plates 
1224,  1252,  and  1282,  and  not  quite  certainly  on  Plates  1257 
and  1 271.  With  the  small  motion  the  brightest  point  (on  the 
negative)  in  the  Hy  line  was  exactly  symmetrical  to  the  center 
of  the  line  ;  the  intensity  of  the  absorption  was  distinctly  greater 
than  on  plates  at  other  times,  particularly  on  Plates  1228,  1237, 
1239,  1253,  and  1262;  also  with  a  motion  of  — 40  km  on  Plate 
1242,  the  Hy  line  appeared  as  on  the  above-mentioned  plates.1 
Taking  no  km  as  the  greatest  velocity,  and  assuming  that  the 
center  of  gravity  of  the  system  lies  within  the  one  body,  and 
adopting  the  period  4.39  days,  the  distance  of  the  two  bodies  is 

.      6640000  km  .    .  .    ,  t 

computed  to  be  : — : ,  and  the  mass  of  the  system  to  be 

"      . .  where  i  is  the  angle  included  between  the  normal  to  the 
sin3/  ° 

orbital  plane  to  the  system  and  the  line  of  sight.  I  have  taken 
for  the  greatest  velocity  the  value  obtained  from  the  curve  and 
also  that  directly  observed.  According  to  the  considerations 
cited  above,  the  mean  values  from  three  measured  lines  might  be 
increased  by  about  5  per  cent.,  which  would  increase  the  maxi- 
mum values  by  about  5  or  6  km.  If  we  base  our  computation 
upon  a  maximum  velocity  of  1 1  5  km  instead  of  1 10  km  we  obtain 

for  the  distance  of  the  two  bodies  — : — — ,  and  for  the  mass  of 

sin  / 

0.70 
the  system    .  _  . . 
J  sin3  / 

XI  ought  not  to  omit  to  mention  that  in  my  previous  investigation  of  the  motion 
of  a  Virginis  I  was  led  to  similar  considerations.     Pub.  des  Astrophys.  Obs.,  7,  139. 


THE  MASS  OF  85  PEGASI. 

By  George   C.   Comstock. 

This  is  an  interesting  binary  star  (a  =  2311  56T8;  $=  +  26° 
33'),  discovered  by  Burnham  in  1878,  and  soon  recognized  as 
possessing  an  unusually  rapid  orbital  motion.  Despite  the  large 
difference  of  magnitudes  between  its  components,  5.7  and  1 1.3, 
and  their  small  angular  separation  —  the  distance  is  always  less 
than  a  second  of  arc  —  the  star  has  been  well  observed,  and 
fairly  accordant  orbits  have  been  obtained  for  it  by  four  dif- 
ferent computers.  The  latest  of  these,  by  Burnham,  assigns  to 
the  star  a  periodic  time  of  revolution  of  25.7  years  and  a  semi- 
axis  major  of  0^78.  There  is  a  ninth-magnitude  optical  com* 
panion  to  the  binary  whose  relative  position  was  first  measured 
by  Otto  Struve  in  185  1  and  which  has  been  well  observed  since 
that  time,  with  the  exception  of  one  serious  gap  between  1852 
and  1865,  as  shown  in  the  following  table. 

I  have  recently  discussed  the  comparisons  of  this  star  with  85 
Pegasi  to  determine  the  relative  proper  motion  of  the  stars  and 
have  been  thus  led  to  consider  the  possible  motion  of  the  bright 
component  of  85  Pegasi  with  reference  to  the  center  of  gravity 
of  its  system.  The  data  of  the  problem  are  the  observed  posi- 
tion angles  and  distances,  6  and  p,  of  the  ninth  magnitude  star, 
C,  referred  to  the  bright  star,  that  1  shall  call  A,  and  similar 
data,/  and  s,  for  the  faint  companion,  B,  of  the  binary  system. 
These  latter  co-ordinates  1  have  derived  from  Burnham's  appar- 
ent orbit1  for  the  dates  of  the  available  observations  of  C.  I 
desire  here  to  emphasize  the  great  interest  and  value  of  these 
apparent  orbits  and  to  express  the  wish  that  a  cut  showing  the 
apparent  orbit  might  always  be  published  in  connection  with 
orbit  determinations  of  binary  stars. 

For  the  discussion  of  the  observation  we  may  put 
fi  —  the  difference  of    declination,  at  an  assumed   epoch,  between   C 
and  the  center  of  gravity  of  A  and  B. 

1  Publications  of  the  Yerkes  Observatory*  i,  270. 
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v  =  the  relative  proper  motion  of  C  and  the  center  of  gravity  above 

defined. 
t  =  the  time  interval  between  the  given  observation  and    the  epoch 

1885.54. 
k  =  the   fractional  part  of  the  distance  A — B  included  between  the 

center  of  gravity  and  the  star  A. 
Transforming  polar  to  rectangular  co-ordinates,  we  find  for  the 
co-ordinate  parallel  to  the  hour  circle, 

fi  -f-  tv  +  s  cos/  •  k  =  p  cos  0, 
with  a  similar  equation  for  the  co-ordinate  perpendicular  to   the 

hour  circle, 

/*'  +  tv'  -|-  s  sin  /  •  k  =  p  sin  0. 

For  the  determination  of  the  five  unknowns  in  these  equations 
I  have  employed  the  following  observations,  in  which  the  posi- 

OBSERVED  CO-ORDINATES,  A,  C. 


Date 


1851.96 
52.67 
65.91 

68.77 
70.00 
74.66 
76.77 
78.54 
78.74 
79.27 
80.57 

81.54 
81.88 
82.62 
82.77 
83.54 
86.24 
86.99 
88.67 
89.50 
89.82 
90.52 
91.56 
91.94 
95.06 
95.69 
96.75 
97.56 
97-82 
98.49 
98.69 
I902.73 


Nights 


I 

"4°3' 

I 

"3  51 

I 

92  9 

I 

82  24 

44 

77  1 

I 

54  24 

I 

40  18 

4 

33  36 

I 

32  48 

8 

30  24 

4 

25  0 

4 

20  48 

1 

19  48 

1 

15  12 

3 

17  6 

1 

11  18 

3 

7  36 

3 

6  6 

5 

0  54 

4 

358  42 

2 

358  24 

3 

356  42 

3 

354  42 

8 

354  18 

1 

350  0 

3 

348  42 

2 

347  48 

2 

346  6 

2 

345  42 

3 

344  24 

2 

344  27 

3 

341  19 

33- "3 
32.60 
18.89 
17.03 
16.06 
13-92 
14.02 
14.40 
14.76 
14.96 
15-41 
16.29 
16.54 
16.98 
17.34 
17.34 
19.84 

21.15 
21 .71 

22.t)6 
22.70 

23-59 
24.58 
25.02 
28.86 
29.27 
30.48 
31-49 
31-74 
32.53 
32.90 

37-64 


0.5 
0-5 
0-5 

0-5 

2 

0-5 

0-5 

I 

0-5 


Observer 


02 
OS 
02 
02 
Briinnow 
02 
02 

P 

Dembowski 

P 

P 

P 

Bigourdan 

02 

P 
Seagrave 

IIS 
Englemann 
P 
P 
Leavenworth 
P 
P 
P 
Lewis 
Aitkin 
Aitkin 
Aitkin 
P 
P 
Aitkin 
Comstock 


THE    NEW    GASES    NEON,    ARGON,    KRYPTON,    AND 
XENON  IN  THE  CHROMOSPHERE. 

By  S.  A.  Mitchell. 

From  a  historical  point  of  view,  D3  is  one  of  the  most  impor- 
tant lines  in  the  spectrum.  When  examining  in  April  1895  the 
spectrum  of  a  specimen  of  cleveite,  Ramsay  announced  the  dis- 
covery of  a  substance  that  gave  the  characteristic  helium  line, 
it  was  felt  that  a  great  triumph  had  taken  place  for  the 
methods  of  the  "new  astronomy."  About  the  same  time  Ray- 
leigh  and  Ramsay  discovered  another  new  element,  argon,  and 
in  the  early  summer  of  1898  Ramsay  found  two  more  elements, 
krypton  and  neon,  and  subsequently  a  heavier  gas  to  which  the 
name  xenon  was  applied.  Making  use  of  the  extremely  low 
temperatures  of  liquid  air  and  liquid  hydrogen,  it  was  found  that 
these  five  new  gases  were  present  in  atmospheric  air.  Investi- 
gations of  the  properties  of  these  gases  z  seem  to  indicate  that 
the  atomic  weights  are:  helium,  4 ;  neon,  20;  argon,  40; 
krypton,  82;  xenon,  128;  and  that  they  form  a  series  in  the 
periodic  table  between  that  of  fluorine  and  that  of  sodium. 

The  lines  of  helium  are  such  prominent  ones  in  the  chromo- 
spheric  spectrum  that  it  would  be  interesting  to  see  if  the  other 
new  gases  are  also  present  in  the  chromosphere,  and  accordingly 
comparisons  have  been  made  between  the  spectra  of  the  "flash" 
and  of  the  new  elements  whose  wave-lengths  have  lately  been 
published. 

The  flash  spectrum  was  photographed  by  the  writer  at  the 
Sumatra  eclipse,2  with  an  apparatus  consisting  of  a  Rowland 
plane  grating  of  15,000  lines  per  inch,  having  a  ruled  surface  of 
3^  X  5  inches,  and  a  quartz  lens,  the  whole  mounted  so  as  to 
give  a  normal  spectrum.  The  photographs  —  like  most  of  those 
at    this    eclipse — were  made      through     clouds.     These     poor 

'Ramsay  and  Travers,  Proc,  R.  S.,  67,  329,  1900. 

2  ASTROPHYSICAI.  JlM'RNAI.,  1$,  97,  IQ02. 
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weather  conditions,  however,  did  not  interfere  with  the  spectrum 
as  much  as  was  expected,  which  is  shown  by  the  fact  that  374 
lines  were  measured  between  F  and  H.  The  dispersion  employed 
was  about  one-fifth  that  of  the  largest  Rowland  concave  gratings 
of  21  %  feet  radius,  and  20,000  lines  per  inch,  and  about  equal  to 
the  dispersion  of  the  Lick  and  Yerkes  spectrographs. 

Comparisons  of  the  intensities  of  the  lines,  and  of  the  numbers 
of  the  lines  due  to  the  different  elements  in  the  flash  and  in  the 
solar  spectrum,  as  given  by  Rowland,  led  to  the  division  of  the 
elements  into  three  groups  {loc.  cit.,  Table  V):  those  giving  (1) 
lines  strong  in  the  flash  and  strong  in  the  solar  spectrum;  (2) 
lines  strong  in  the  flash,  weak  in  the  solar  spectrum  ;  and  (3) 
lines  weak  in  the  flash,  but  strong  in  the  solar  spectrum. 

To  the  second  group  belong  Hy  He,  Sc,  Ti,  V,  Cr,  Mn,  Sr,  Y,  and 
Zr.  It  has  been  shown  x  that  helium,  in  consequence  of  its  small 
density,  ascends  to  great  heights  above  the  Sun's  surface,  and  as 
its  layer  is  covered  up  gradually  by  the  Moon  at  the  time  of  an 
eclipse,  the  resulting  exposure  is  many  times  that  given  to  denser 
but  shallower  layers,  and  consequently  helium  lines  in  the  flash 
spectrum  are  very  prominent.  Taking  into  account  the  increas- 
ing atomic  weights  of  the  series  of  new  gases,  and  also  the 
behavior  of  the  light  and  heavy  vapors  in  the  Sun's  atmosphere, 
as  found  out  by  investigations  of  the  flash,  we  should  expect,  as 
in  the  case  of  helium,  none  of  these  gases  to  be  found  in  the 
ordinary  solar  spectrum.  We  should  also  expect  lines  of  the 
more  volatile  gases  of  the  Earth's  atmosphere,  neon  and  argon, 
of  atomic  weights  20  and  40  respectively,  to  be  present  in  the 
flash,  while  those  of  the  less  volatile  gases,  krypton  and  xenon, 
of  atomic  weights  82  and  128  respectively,  are  most  probably  not 
to  be  found  there. 

No  lines  of  these  gases  appear  in  the  ordinary  solar  spectrum, 
but  if  we  make  a  detailed  comparison  of  their  spectra  with  that 
of  the  flash,  there  seem  to  be  certain  lines  of  the  latter  that  are 
undoubtedly  due  to  these  new  gases  of  the  atmosphere. 

The  most  volatile  of  these  were  obtained2  from  their  solu- 
tion   in   liquid  air  by  fractional    distillation    at    low  pressure,  in 

JIbid.,  p.  117.  a  Ramsay  and  Tkavers,  Proc.  A'.  S.,  67,  329,  1900. 
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this  way  removing  the  greater  portion  of  the  helium  and  neon 
from  this  mixture  of  gases,  leaving  the  argon  behind.  Many 
attempts  were  made  to  separate  the  helium  from  the  neon,  which 
were  not  successful  until  these  gases  were  subjected  to  the  tem- 
perature of  liquid  hydrogen,  when  neon  was  liquified  and  per- 
haps solidified,  while  the  helium  remained  gaseous. 

The  more  volatile  gases  of  atmospheric  air  uncondensed  at 
this  temperature  have  been  examined  spectroscopically  by 
Liveing  and  Dewar,  and  wave-lengths  have  been  published.1 
In  this  spectrum  appear  lines  due  to  neon,  to  helium,  and  to 
free  hydrogen  in  the  Earth's  atmosphere.  These  wave-lengths, 
given,  however,  only  to  the  nearest  Angstrom  unit,  have  been 
compared  with  those  of  the  lines  of  the  flash  spectrum.2  Although 
it  is  difficult  to  identify  with  certainty  when  wave-lengths  have  no 
greater  accuracy  than  this,  it  seems  highly  probable  that  nearly 
all  the  stronger  lines  of  the  most  volatile  of  the  new  gases  are 
found  in  the  flash,  some  of  them  agreeing  with  lines  already 
identified  as  corresponding  to  Fraunhofer  lines  (in  this  case  it 
being  impossible  to  separate  the  lines),  other  lines  identified 
with  lines  that  have  no  counterpart  in  the  ordinary  solar  spec- 
trum. None  of  the  lines  of  the  flash  due  to  these  more  vola- 
tile gases  are  strong  lines  like  those  of  helium,  their  intensi 
ties  being  o  on  a  scale  where  o  denotes  a  line  seen  with  cer- 
tainty and  10  is  the  intensity  of  the  strongest  line.  Lines  in 
the  flash  which  seem  to  belong  to  these  gases  and  to  no  others 
are  those  at  XX4047,  4398,  4422,  4431,  4540,  and  4844. 

Several  tables  of  wave-lengths  of  argon  have  been  published. 
Kayser  employed  a  large  concave  grating  and  published3  his 
results  to  thousandths  of  a  tenth-meter.  Most  of  the  strong 
lines  of  argon  are  found  in  the  flash  spectrum  —  but  again  as 
weak  lines  only.  Argon  lines  appear  at  X\4 180.3,  4200.8, 
4259.5,  4266.8,  and  4430-3- 

The  most  accurate  wave-lengths  of  krypton  are  those  of 
Runge,  measured  with  a  concave  grating  and  given4  to  thou- 
sandths of  a  tenth-meter.     The  strongest  lines  are  in  a  part  of 

1  Ibid.,  p.  467.  * /£/</.,  4,  I,  1896. 

2AsiKOl'HYSICAL    JOURNAL,  15,    IO3,   1902.  4  Ibid.,  IO,  73,   I899. 
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the  spectrum  not  covered  by  the  flash  photographs,  and  there 
seem  to  be  no  krypton  lines  in  the  flash. 

The  only  wave-lengths  of  xenon  are  those  of  Liveing  and 
Dewar,1  given  only  to  the  nearest  tenth-meter.  Some  of  the 
strongest  of  the  xenon  lines  do  not  appear  in  the  flash,  while 
the  wave-lengths  of  some  less  strong  seem  to  agree  with  those 
of  flash  lines;  but  as  the  wave-lengths  are  not  accurate  enough, 
it  is  impossible  to  say  more  than  that  the  presence  of  xenon  in 
the  Sun's  atmosphere  is  doubtful. 

Consequently,  it  seems  that  the  more  volatile  gases  of  atmos- 
pheric air  uncondensed  at  the  temperature  of  liquid  hydrogen, 
together  with  hydrogen,  helium,  neon,  and  argon,  are  present 
in  the  chromosphere,  while  the  evidence  in  regard  to  krypton 
and  xenon  is  inconclusive. 

The  finding  of  these  gases  in  the  Sun  and  the  undoubted 
presence  of  free  hydrogen  in  the  Earth's  atmosphere  have  an 
importance  for  cosmical  physics  that  can  hardly  be  overesti- 
mated. According  to  Liveing  and  Dewar,  "if  the  Earth  cannot 
retain  hydrogen  nor  originate  it,  then  there  must  be  a  continued 
accession  of  hydrogen  to  the  atmosphere  (from  interstellar 
space),  and  we  can  hardly  resist  the  conclusion  that  a  similar 
transfer  of  other  gases  must  also  take  place,"2  as  has  been 
shown  by  these  distinguished  physicists,  and  again  by  Dewar  in 
his  presidential  address  before  the  British  Association  for  the 
Advancement  of  Science,  these  new  gases,  and  particularly  the 
more  volatile  gases  of  atmospheric  air,  play  an  important  part 
in  the  spectra  of  the  aurora,  of  nebuke,  and  of  the  corona.  Of 
more  than  a  hundred  auroral  rays  observed  by  Stassano,  more 
than  two-thirds  appear  to  belong  to  the  more  volatile  gases  of 
atmospheric  air,  while  the  majority  of  the  remainder  seem  to 
belong  to  argon,  krypton,  and  xenon.  We  are  also  told  by  Dewar 
that  of  a  "list  of  339  lines  photographed  by  Humphreys,  during 
totality"  (this,  however,  was  called  the  spectrum  of  the  corona, 
whereas  it  was  the  spectrum  of  the  chromosphere),  "only  55  do 
not  differ  by  more  than  one  unit  on  Angstrom's  scale  from  lines 
measured  in  the  most  volatile  gases  of  the  atmosphere,  or  in 

1  Proc.  R.  S._  68,  389,  iqoi.  2  Ibid.,  67,  468,  1900. 
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krypton  or  xenon."  It  seems  rather  to  the  present  writer  that 
the  great  majority  of  these  lines  more  closely  correspond  to 
Fraunhofer  lines  than  to  the  lines  of  these  rare  gases. 

These  gases  may  take  their  origin  from  the  Earth  itself;  in 
fact,  helium  and  neon  are  occluded  from  the  waters  of  the  Bath 
spring  in  England.  The  presence  of  free  hydrogen  in  the 
atmosphere  cannot  be  explained  in  this  way.  It  is  more  likely 
that  hydrogen  comes  to  us  in  small  ionized  particles  from  the 
Sun,  being  sent  hither,  as  has  been  shown  by  Arrhenius,1  by  the 
pressure  of  light,  and  likewise  helium  and  the  more  volatile 
gases  are  present  in  the  atmosphere  through  being  repulsed  from 
the  Sun  by  the  ionization  of  small  particles  of  these  gases. 

It  seems  therefore  that  the  finding  of  these  new  gases  in  the 
Sun's  chromosphere  is  an  independent  verification  of  the  truth 
of  the  theory  of  Arrhenius,  which  states  that  particles  of  matter 
are  being  continually  scattered  throughout  the  universe,  starting 
from  one  sun  and  reaching  another,  with  the  result  that  all 
bodies  of  the  universe  are  gradually  becoming  more  and  more 
alike. 

Columbia  University, 
New  York  City,  February  1903. 

1  Physikalische  Zeitschrift,  November  1900;  see  also  Cox,  Popular  Science 
Monthly \  January  1902. 


ON   THE    OCCURRENCE    OF    SPARK   LINES    IN    ARC 

SPECTRA.1 

By  J.   Hartmann   and    G.   Eberhard, 

In  November  of  last  year  Dr.  H.  Konen  published  in  the 
Anna/en  der  Physik  (9,  742  ff.,  1902),  some  very  valuable 
researches  which  he  had  made  on  the  spectra  of  electrical  dis- 
charges in  water.  This  induces  us  to  communicate  briefly  in 
what  follows  the  results  of  investigations  in  the  same  field  which 
we  carried  out  last  autumn. 

In  the  first  place  it  should  be  remarked  that  our  observations 
confirm  those  of  Konen  even  to  details.  We  have,  however, 
observed  some  additional  phenomena  not  described  by  Konen, 
which  seem  to  be  of  importance  in  the  interpretation  of  the 
processes  of  electrical  luminosity. 

Our  experiments  at  first  were  confined  to  a  thorough  study 
of  the  spectra  of  magnesium  and  silicon,  which  are  of  special 
importance  in  astrophysics.  While  we  were  varying  as  much  as 
possible  the  conditions  under  which  these  elements  were  made 
luminous,  we  made  use,  among  other  things,  of  the  electric  arc 
under  water.  Here  we  noticed  with  surprise  that  in  the  spectrum 
of  the  arc  there  appeared  lines  which  had  hitherto  been  regarded 
as  peculiarly  characteristic  of  the  spark  spectrum. 

Konen  also  has  shown  for  a  number  of  metals  that  lines  in 
the  spectrum  of  the  metallic  arc  under  water  are  not  superposed 
on  a  strong  continuous  spectrum  like  the  spark  spectrum  pro- 
duced under  the  same  conditions,  but  appear  only  as  bright  and 
generally  sharp  lines  ;  the  appearance  in  the  arc  under  water  of 
lines  characteristic  of  the  spark  spectrum,  however,  has  not  to 
our  knowledge  been  known  hitherto. 

When  the  arc  is  passed  under  water  between  two  electrodes 
of  metallic  silicon,  the  spark  lines  \  4 1  28,  and  \  4 1  3 1  appear  with 
almost  the  same  intensity  as  does  the  chief  arc  line  X3905. 
Under  the  same  experimental   conditions   magnesium  shows  the 

translated  from  advance  proofs,  furnished  by  the  authors,  of  a  paper  to  appear 
in  the  Sitzungsberichte  der  K.  Akad.  zu  Berlin. 
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line  at  X  4481,  hitherto  regarded  as  characteristic  of  the  spark 
spectrum,  and  indeed  it  makes  almost  the  strongest  line  in  the 
whole  spectrum ;  at  any  rate,  its  intensity  considerably  exceeds 
the  arc  line  of  magnesium  at  X  43  5  2.  Both  elements  further  exhibit 
the  noteworthy  phenomenon  that  the  lines  mentioned,  which  are 
known  only  as  very  broad  and  weak  lines  in  the  spark  discharge 
in  air,  are  considerably  narrower  and  become  more  sharply  defined, 
despite  their  intensity,  when  produced  by  the  arc  under  water. 

In  order  to  ascertain  whether  the  phenomenon  described  above 
was  general,  the  experiments  were  also  extended  to  other  met- 
als, and  we  were  able  to  produce  results  entirely  analogous  with 
zinc  and  cadmium.  With  zinc  the  very  diffused  spark  lines  X491  1 
and  X4924,  when  produced  by  the  arc  under  water  appeared 
strong  and  relatively  sharp.  The  lines  X  5339  and  X  5379,  which 
Kayser  and  Runge  failed  to  find  in  the  arc  spectrum  of  cad- 
mium, together  with  X4416,  have  also  been  easily  obtained  by 
us  with  the  arc  under  water.  We  found  the  aluminium  lines 
X  45 1 3  and  X  4530  less  strong. 

Carbon  alone  remained  essentially  anomalous,  giving,  with 
the  arc  under  water,  as  Konen  also  found,  no  lines,  but  a  band 
spectrum  only. 

We  now  suspected,  in  connection  with  a  remark  by 
Schenck1  that  the  temperature  of  the  electrodes  and  metallic 
vapors,  no  doubt  much  reduced  by  the  water,  might  have  an 
influence  on  the  nature  of  the  spectrum,  and  we  thereupon 
greatly  cooled  zinc  electrodes  with  liquid  air,  without  obtaining, 
however,  any  material  change  in  the  arc  spectrum.  We  then 
allowed  sparks  from  an  iron  electrode  to  pass  over  to  zinc 
placed  in  a  crucible.  While  the  zinc  was  heating  to  the  melting- 
point  and  beyond,  several  observers  (Vogel,  Miiller,  Kempf, 
Hartmann,  Eberhard)  estimated  the  relative  intensity  of  the 
pair  of  lines  at\4gii  and  X4924  as  compared  with  the  three 
lines  at  X4680,  4722,  4809,  and  it  appeared  in  every  case  that 
the  intensity  of  these  three  lines  was  greatly  augmented  in  com- 
parison with  the  pair  at  X4911  and  X4924  as  soon  as  the  zinc 
was  heated. 

'A^i  roi'iiysical  Journal  14,  131. 
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In  the  success  of  this  experiment  we  might  see  a  confirma- 
tion of  the  above-mentioned  conjecture  that  with  ascending  tem- 
perature of  the  electrodes  the  spectrum  of  the  spark  approached 
that  of  the  arc.  But  it  is  not  improbable  that  the  observed 
phenomenon  occurred  merely  through  the  increase  of  the 
metallic  vapor  due  to  heating  the  zinc,  whereby,  on  account  of 
the  increase  of  these  vapors,  the  resistance  in  the  path  of  the 
spark  became  less  and  the  spark  lines  accordingly  gave  place  to 
the  arc  lines. 

Since  an  answer  to  the  question  entirely  free  from  objection 
cannot  therefore  be  obtained  by  these  means,  we  have 
endeavored  to  find  an  explanation  in  another  direction.  From 
former  researches  (Crew,  Basquin)  it  is  known  that  an  atmos- 
phere of  hydrogen  influences  the  arc  spectrum  of  magnesium  in 
such  a  manner  that  the  spark  line  X 4481  stands  out  prominently. 
Accordingly  we  have  photographed  the  arc  spectra  of  a  series  of 
metals  in  a  current  of  hydrogen.  It  now  appeared  that  spectra 
obtained  in  this  manner  are  in  fact  almost  identical  with  the 
arc  spectra  under  water,  and  we  are  therefore  of  the  opinion  that 
hydrogen,  released  by  electrolysis  around  the  electrodes  in 
water,  causes  the  transformation  of  the  arc  spectrum  into  the 
form  observed  by  us. 

It  should  be  observed  that  all  lines  mentioned  by  us  in  the 
foregoing  are  diffuse  and  hazy  in  the  spark  spectrum,  and  that  it  is 
also  just  these  lines  which  can  be  made  to  disappear  in  the  spark 
spectrum  by  the  introduction  of  suitable  self-induction,  as  we  have 
convinced  ourselves  by  our  own  experiments. 

It  follows  from  our  investigations  that  it  is  not  permissible  to 
set  apart  individual  lines  of  the  spectra  of  metals  as  characteristic 
of  the  spark  or  of  the  arc  respectively,  and  from  their  appear- 
ance to  draw  conclusions  regarding  the  temperature  of  the 
corresponding  processes  of  luminosity.  The  latter  point  applies 
particularly  in  the  interpretation  of  stellar  spectra,  for  which 
some  have  sought  to  make  positive  statements  as  to  the  tem- 
perature of  stellar  atmospheres,  based  upon  the  behavior  of 
individual  magnesium  and  silicon  lines. 

Potsdam. 
February  1903. 


THE  POSITION  OF  RADIUM  IN  THE  PERIODIC 
SERIES  ACCORDING  TO  ITS  SPECTRUM. 

By   C.    Runge   and   J.    Precht. 

The  spark  spectrum  of  radium  can  be  admirably  observed 
with  the  radium  bromide  recently  produced  by  Mr.  Giesel.  A 
few  milligrams,  which  Mr.  Giesel  was  kind  enough  to  place  at 
our  disposal  for  this  purpose,  was  sufficient  with  a  low  dispersion 
for  obtaining  the  spectrum  in  a  much  more  complete  manner 
than  has  hitherto  been  observed,  and  with  greater  disperson  the 
readily  photographable  lines  could  be  investigated  as  to  their 
behavior  in  a  magnetic  field.  We  thus  found  that  the  strongest 
radium  lines  are  precisely  analogous  to  the  strongest  lines  of 
barium  and  the  corresponding  lines  of  the  related  elements 
Mgi  Ca,  and  Sr.  As  has  been  shown  by  Runge  and  Paschen,x 
these  lines  can  be  grouped  as  three  pairs,  which,  on  account  of 
certain  analogies  with  the  spectra  of  the  alkalies,  may  be  desig- 
nated as  the  pair  of  the  principal  series,  the  pair  of  the  first  sub- 
ordinate, and  the  pair  of  the  second  subordinate  series.  In  the 
case  of  the  pair  of  the  first  subordinate  series  there  appears 
along  with  the  line  of  the  greater  wave-lengths  a  fainter  line  on 
the  side  of  longer  wave-lengths,  which  Runge  and  Paschert 
designate  as  a  satellite.  The  two  lines  of  each  of  these  three 
pairs  have  the  same  distance  for  each  element,  reckoned  on  the 
scale  of  vibration  numbers,  except  that  for  the  pair  of  the  first 
subordinate  series  the  satellite  must  be  taken  instead  of  one  of 
the  lines.  Hut  from  element  to  element  the  distance  is,  on  the 
contrary,  different,  increasing  in  a  very  regular  way  with  increasing- 
atomic  weight,  as  will  be  discussed  more  particularly  below.  In 
the  magnetic  field  these  lines  are  resolved  into  components  in  a 
different  way,  as  Runge  and  Paschen  have  shown,  but  so  that, 
reckoned  on  the  scale  of  vibration  numbers,  the  separation  of 
each  line  of  one  clement  is  exactly  the  same  as  the  separation 
of  the  corresponding  line  of  each  of  the  other  elements. 

1  Astroi'Hysical  Journal,  16,  123,  1002. 
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We  have  now  found  that  precisely  the  same  thing  holds  good 
for  radium,  so  that  Ra  is  to  be  placed  with  Mg,  Ca,  Sr,  and  Ba 
in  a  group  of  chemically  related  elements,  as  is  also  demanded 
by  the  chemical  behavior  of  radium,  in  so  far  as  this  is  known. 

The  corresponding  lines  are  collected  together  in  the  follow- 
ing table : 


Mt 

Ca 

Sr 

Ba 

Ra 

Principal  series 

2803 
2796 

3969 
3934 

4216 
4078 

4934 
4554 

4682 
3815 

First  subordinate  series 

2798 
2791 

3181 
3179 
3159 

3475 
3465 
338i 

4166 
4131 
3892 

4436 
4341 
3650 

Second  subordinate  series  .... 

2937 
2929 

3737 
3706 

4306 
4162 

4900 
4525 

5814 
4533 

The  separation  of  the  radium  line  in  the  magnetic  field  is  very 
well  observable  in  case  of  the  strongest  lines ;  as  yet  we  have 
been  unable  to  resolve  only  the  satellite  and  the  line  in  the  green 
at  \5814. 

As  remarked  above,  the  distances  between  the  two  lines  of 
the  pairs  are  the  same  for  every  element  on  the  scale  of  vibra- 
tion numbers.  This  is  also  true  for  radium,  as  is  shown  in  the 
following  table : 


Principal  series 

First  subordinate  series . . 
Second  subordinate  series 


4682.35 
3814.59 

4436.45 
3649-77 

5813.9 
4533-33 


108 


21356.8 
26215. 1 

22540.5 
27399.0 

17200.2 
22058.8 


4858.3 
4858.5 
4858.6 


The  deviations  of  the  three  distances  from  each  other  are 
sufficiently  explained  by  the  errors  of  observation.  They  cor- 
respond to  very  small  errors  in  determinations  of  wave-length. 

For  Mg,  Ca,  Sr,  and  Ba  the  distances  increase  with  the  atomic 
weight  from  element  to  element : 
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Ca 
Sr. 
Ba 


Atomic  Weight 

Distance 

24.36 
40.  I 
87.6 
137.4 

91.7 
223 
80 1 
1691 

It  is  natural  to  regard  the  atomic  weight  as  a  function  of  the 
distance  and  to  extrapolate  this  function  for  radium.  It  has 
already  been  pointed  out  by  Rydberg  and  by  Kayser  and  Runge 
in  their  papers  on  "The  Spectra  of  the  Elements"  that  the  dis- 
tances of  the  pairs  of  lines  within  a  group  of  chemically  related 
elements  increase  in  a  regular  way  with  the  atomic  weight.  They 
state  for  the  alkalies  that  the  atomic  weight  is  very  nearly  pro- 
portional to  the  square  root  of  the  distance.  We  would  call 
attention  to  the  fact  that  for  the  other  group  in  which  pairs  of 
lines  have  been  observed,  the  relationship  between  of  the  pair 
and  the  atomic  weight  may  be  represented  by  a  simple  formula, 
viz.: 

In  every  group  of  chemically  related  elements  the  atomic  weight  is 
proportional  to  some  power  of  the  distance  of  the  two  lifies  of  the 
pairs. 

In  general  the  exponent  is  not  a  whole  number. 

Expressed  in  other  words  this  formula  becomes: 

If  the  logarithms  of  the  atomic  weight  and  distance  be  taken  as 
co-ordinates  >  the  corresponding  points  of  a  group  of  chemically  related 
elements  will  lie  in  a  straight  line. 

This  law  is  shown  in  the  two  following  figures.  We  see  from 
Fig.  1  that  among  the  alkalies,  potassium  is  the  only  one  which 
falls  below  the  straight  line  through  the  remaining  points.  We 
would  not  here  assert  that  the  observed  atomic  weight  of  potas- 
sium is  incorrect;  but  it  seems  to  us  interesting  that  this  law  of 
the  straight  line  exhibits  a  larger  deviation  for  just  that  element 
which  is  anomalous  in  respect  to  the  periodic  series,  in  so  far  as 
the  atomic  weight  of  K  would  have  to  be  greater  than  that  of 
argon  in  order  to  fit  into  the  periodic  series.  As  regards  boron, 
gallium,  and  indium,  the  pairs  of  lines  have  not  been  investi- 
gated   in    a   magnetic    field.     We    cannot,    however,    doubt    the 
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existence  of  the  corresponding  pairs.  The  same  is  true  of  the 
alkalies,  where  only  the  yellow  lines  of  sodium  have  been 
investigated  in  a  magnetic  field. 

Fig.  2  represents  the  same  relationship  for  Mg,  Ca%  Srf  Ba% 
and  Ra.  Extrapolation  gives  258  for  the  atomic  weight  of 
radium.  We  can,  of  course,  somewhat  displace  and  rotate  the 
straight  line  without  removing  it  too  far  from  the  points,  but  the 
figure  clearly  shows  that  the  value  225  determined  by  Madame 
Curie  is  decidedly  off  the  line. 

In  the  following  table  the  straight  line  is  replaced  by  a 
formula  and  the  extrapolation  by  computation.  If  x  denote 
the  separation  of  the  pair  on  the  scale  of  vibration  numbers, 

Jo8 
X  y,  we  have : 

Atomic  weight  =  No.  whose  log  is  (0.2005 -(-0.5997  l°g  ■*•) 


Atomic  Weight 

By  Formula 

Observed 

Mg 

23.84 
4O.6 

87.5 
136.9 

24.36 
40.  I 

Ca 

Sr 

87.6 

137-4 

Ba 

Extrapolation  for  radium  gives : 

Computed  atomic  weight  of  radium  =  257.8. 

We  cannot  risk  the  assertion  that  our  figure  deserves  more  con- 
fidence than  the  value  determined  by  Madame  Curie,  but  it  should 
nevertheless  be  said  that,  in  view  of  the  close  relationship 
between  barium  and  radium,  and  of  the  small  quantities  of  the 
substance  with  which  the  chemists  are  obliged  to  work,  the 
complete  separation  of  these  two  substances  is  very  difficult; 
and  further,  that  with  an  imperfect  separation  Madame  Curie 
would  necessarily  obtain  too  small  an  atomic  weight. 

According  to  crystatlographic  observations  soon  to  be  pub- 
lished by  F.  Rinne,  the  bromides  of  radium  and  barium  are 
isomorphous  with  each  other,  so  that  it  is  very  probable  that  the 
two  substances  would   crystallize  together  (in  an   isomorphous 
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mixture),  similar  relations  as  to  solubility  being  assumed.  The 
great  difficulty  of  separating  the  two  substances  from  each  other 
by  a  process  of  crystallization  is  due  to  this,  and  it  may  happen 
that  even  with  frequently  repeated  crystallization  greater  or  less 
quantities  of  barium  may  be  present  in  the  corresponding  radium 
compound.  The  number  223  fits  the  periodic  system  better  in 
the  respect  that  it  fills  the  gap  between  bismuth  and  thorium  in 

2.5 
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1.5 
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*>* 

tyS 

J^ 

2.0  2.5  3-o  3-5  4-o 

Logarithms  of  Width. 
(0.01  division  of  scale  =  2.3  per  cent.) 
Fig.  2. 

the  correct  column.  For  atomic  weight  258  radium  would  have 
to  be  pushed  two  rows  farther  along  in  the  column  Mg,  Ca,  Sr,  and 
Ba,  and  a  number  of  new  unoccupied  places  would  arise  in  the 
periodic  system. 

On  the  other  hand,  we  may  adduce  for  the  higher  atomic 
weight  the  point  remarked  by  Rutherford.  The  greater  atomic 
weight  suggests  a  complicated  structure  of  the  atom  and  hence 
a  more  ea^y  breaking  up  into  electrons.  The  element  which 
most  strongly  emits  electrons  should  therefore  also  have  the 
greatest  atomic  weight. 
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The  radium  line  at  X4826.14,  which  is  the  most  conspicuous  in 
the  Bunsen  flame,  is  in  respect  to  the  separation  in  the  magnetic 
field  analogous  to  the  strongest  line  in  the  Bunsen  flame,  Ba 
X5535,  Sr  \4607,  Ca  \4246.  All  these  lines  separate  into  three 
components  which  for  ail  these  elements  are  equally  separated 
from  each  other  on  the  scale  of  vibration  numbers. 

Physikalisches  Institut  der  Tkchnischen  Hochschule, 
Hannover,  Germany,  January  1 903. 


NOTE  ON  SOME  EFFECTS  OF  RULING  ERRORS  IN 
GRATING  SPECTRA. 

By  A.  S.  King. 

The  possibility  that  errors  of  ruling  in  diffraction  gratings 
may  produce  "ghosts"  near  strong  lines  in  the  spectrum  makes 
it  desirable  that  we  understand  as  fully  as  possible  the  forms 
that  such  ghosts  may  take.  If  they  occur  in  the  most  frequent 
form,  as  two  lines  symmetrically  placed  with  respect  to  the  pri- 
mary line  and  close  to  this  line,  they  are  readily  recognized.  The 
writer  has  observed,  however,  that  a  very  good  grating  may  give, 
in  certain  regions  of  the  spectrum,  ghosts  of  higher  order  at  such 
distances  from  the  primary  line  that  they  might  easily  be  mis- 
taken for  real  lines. 

The  theory  of  ruling  errors  is  a  complex  one.  The  most 
complete  treatment  we  have  is  that  given  by  Rowland  in  his 
article  entitled  "Gratings  in  Theory  and  Practice." x  In  this 
Rowland  establishes  general  relations  as  to  position  and  intensity 
of  ghosts,  and  develops  in  some  detail  the  expressions  for  inten- 
sity of  ghosts  of  different  orders  resulting  from  small  periodic 
errors  of  ruling.  He  also  calls  attention  to  other  effects  which 
may  result  from  special  conditions. 

The  fundamental  formulae  give  the  position  of  the  ghost  of 
nth  order  by  the  relation  fiM  =  2irN/ba0±ine1/ba0%  and  the  inten- 
sity by  the  function  J\  (bfinax),  where  the  first  term  of  fin  gives 
the  position  of  the  primary  line,  and  the  second  term  the  posi- 
tion of  the  ghost  with  respect  to  the  primary  line.  N  denotes 
the  order  of  spectrum,  aQ  the  grating  space,  ax  and  ex  the  ampli- 
tude and  period  of  ruling  error,  and  b—2tr/\.  In  accordance 
with  these  relations,  we  have  the  following  characteristics  of 
ghosts: 

1.  Ghosts  of  the  same  order  are  at  equal  distances  on  each 
side  of  the  primary  line,  and  of  equal  intensity. 

2.  The  distance  of    a  ghost   from   the    primary   line    varies 

*  Astronomy  and  Astro- Physics,  12,  129,  1893. 
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directly  with  the  wave-length,  but  is  independent  of  the  order  of  the 
spectrum,  since  the  second  term  in  the  value  of  fin  does  not  con- 
tain N. 

3.  The  ghosts  of  different  orders  are  equally  spaced. 

4.  The  intensity  increases  rapidly  with  the  order  of  the 
spectrum  and  with  the  amount  of  ruling  error. 

5.  The  intensity  of  the  primary  line  is  diminished  by  an 
amount  equal  to  the  sum  of  intensities  of  the  ghosts. 

6.  Since,  for  the  same  order  of  spectrum,  the  relative  inten- 
sity of  any  ghost  depends  upon  the  value  of  at  in  the  expression 
Jn{^flHai)t  we  may  have  the  greatest  intensity  in  a  ghost  of  higher 
order  than  the  first. 

7.  As  fi  =  sina,  these  relations  are  constant  only  for  a  given 
position  of  the  grating,  and  we  have  a  new  set  of  values  when 
the  angle  of  incidence  is  changed,  as  when  we  move  the  grating 
in  order  to  observe  another  part  of  the  spectrum. 

The  writer  has  recently  obtained  some  photographs  which 
show  very  clearly  the  effects  of  the  last  two  determining  elements 
given  above.  The  concave  grating  used  was  one  of  15  feet 
radius  and  15,000  lines  to  the  inch.  In  the  first-order  spectrum 
a  prolonged  exposure  is  required  to  show  any  ghosts  on  the  pho- 
tographic plate.  On  such  over-exposed  plates  a  faint  appearance 
resembling  the  head  of  a  band  is  seen  at  wave-length  X3888.75, 
which  the  writer  tried  in  vain  to  identify  with  any  known  element 
of  the  spectrum,  and  which  proves  to  be  a  first-order  ghost  of 
the  X3883  cyanogen  band.  Faint  ghosts  also  appear  beside  very 
strong  metallic  lines,  as  the  strontium  line  at  X4215. 

In  the  second-  and  third-order  spectra,  however,  remarkable 
series  of  ghosts  appear  above  each  of  the  cyanogen  bands  at 
X3590,  3883,  and  4216,  and  also  near  strong  metallic  lines  in 
that  region,  as  the  H  and  K  lines  and  the  strontium  line  above 
mentioned.  In  each  of  these  cases  we  have  very  distinct  ghosts 
up  to  the  fourth  order,  giving  above  each  of  the  cyanogen  bands 
the  appearance  of  a  second  band  with  four  equally  spaced 
heads.  Furthermore,  the  intensity  of  these  ghosts  does  not 
diminish  uniformly  as  they  recede  from  the  primary  line.  Those 
belonging   to  the  head  of   the    3883    band   occur   at   X3888.75, 
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3893.90,  3899.06,  3904.22,  and  have  intensities  in  about  the  ratio 
io,  5,  2,  and  8.  The  ghost  of  fourth  order  is  thus  almost  as  strong 
as  that  of  first  order.  The  heads  of  the  bands  at  X3590  and 
X4216  have  ghosts  of  similar  appearance,  the  spacing  in  each 
case  being  proportional  to  the  wave-length.  Photographs  of 
these  bands  in  the  third-order  spectrum  show  the  ghosts  much 
stronger  than  in  the  second  order,  but  each  series  preserves  the 
same  relative  intensities  among  the  ghosts  of  different  orders, 
and  the  spacing  of  corresponding  series  of  ghosts  in  the  two 
spectra  is  exactly  the  same;  this  last  fact  proving  conclusively 
that  they  are  ghosts. 

The  plate  shows  the  second-  and  third-order  spectra  in  the 
region  of  wave-length  X3900,  giving  the  head  of  the  3883  cyano- 
gen band  and  the  H  and  K  lines  of  calcium,  with  their  attendant 
ghosts.  The  ghosts  of  the  H  and  K  lines  are  faint  in  the  repro- 
duction, the  ghost  of  third  order  being  scarcely  visible,  but  the 
fourth-order  ghosts  of  the  K  line,  reversed  like  the  primary  line, 
can  be  seen  at  wave-length  3926.81  and  3940.85.  A  remarkable 
feature  is  that  the  fourth-order  ghost  of  the  K  line  below  the 
primary  line  is  considerably  stronger  than  the  corresponding 
ghost  above  the  line.  This  difference  shows  very  distinctly  in 
the  negative,  and  is  not  in  accordance  with  the  theory  of  equal 
intensity  in  ghosts  of  the  same  order.  Whether  such  a  differ- 
ence also  exists  in  the  ghosts  of  the  cyanogen  bands  cannot  be 
determined  on  account  of  the  dense  structure  below  the  head. 
The  plate  shows  the  equal  spacing  of  ghosts  and  the  unequal  dis- 
persion of  true  lines  in  the  two  orders  of  spectra. 

The  writer  has  been  unable  to  obtain  ghosts  of  higher  order 
than  the  first  on  plates  taken  in  the  region  of  wave-length  greater 
than  4600,  which  shows  that  a  change  in  the  angle  of  incidence 
may  produce  important  changes  in  the  character  of  the  ghosts. 
Prolonged  exposures  in  the  upper  part  of  the  second-  and  third- 
order  spectra  give  first-order  ghosts  of  considerable  intensity 
near  all  strong  metallic  lines  and  carbon  bands,  but  no  ghosts  of 
higher  order  can  be  distinguished. 

The  simplest  method  of  detecting  ghosts,  and  perhaps  the 
only  really  decisive  test  is  to  photograph  the  suspected  lines  in 
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spectra  of  different  orders.  If  they  are  ghosts,  the  spacing  will 
be  the  same  in  the  two  orders ;  while  real  spectral  lines  will 
suffer  a  dispersion  proportional  to  the  order  of  spectra  used. 

The  theory  of  ruling  errors  as  given  by  Rowland  explains  the 
action  of  only  the  principal  causes  of  ghosts.  Other  causes,  as 
periodic  variation  in  the  depth  of  ruling,  periodic  waves  in  the 
surface,  and  perhaps  changes  in  the  shape  of  the  groove  made 
by  the  ruling  point,  may  all  give  effects  whose  exact  nature  is 
not  easily  determined.  For  example,  the  variation  of  intensity 
among  the  ghosts  of  different  orders  shown  on  my  plates  does 
not  agree  with  any  case  in  Rowland's  table  giving  the  distribu- 
tion of  intensity  among  the  ghosts  according  to  the  amount  of 
ruling  error.  It  is  probable  that  other  causes  have  a  part  in  pro- 
ducing the  effects  observed.  However,  the  general  effect  is  pre- 
dicted by  Rowland's  theory,  and  the  results  show  that  ghosts 
need  not  be  of  any  fixed  type,  nor  of  the  same  appearance 
throughout  the  spectrum.  The  fact  that  the  grating  may  give 
ghosts  of  higher  order  at  a  considerable  distance  from  the  pri- 
mary line  (7.02  tenth-meters  in  the  case  of  the  K  line)  and  more 
intense  than  those  nearer  the  line,  shows  the  need  of  care, 
especially  in  working  with  spectra  of  second  or  third  order,  that 
such  widely  separated  ghosts  are  not  mistaken  for  actual  spectral 
lines.  Photographs  taken  in  spectra  of  different  orders  will  at 
once  decide  this  point. 

University  of  California, 
February  1 903. 


e  AURIGAE  A  SPECTROSCOPIC  BINARY.' 

By  H.  C.  Vogel. 

In  his  investigations  made  a  few  years  ago  on  the  more 
refrangible  parts  of  stellar  spectra,  Dr.  Eberhard  was  struck  by 
the  fact  that  in  the  spectrum  of  the  well-known  variable  e  Auri- 
gae, which  lies  in  the  transition  between  types  I  and  II,  the 
series  of  hydrogen  lines  clearly  extended  farther  beyond  the  H 
and  K  lines  than  is  the  case  with  stars  of  similar  type.  He  sus- 
pected that  the  spectrum  of  the  star  should  be  regarded  as  the 
superposition  of  two  spectra  of  different  types. 

Changes  in  the  spectrum  great  enough  to  be  recognized  with 
the  slight  dispersion  of  the  single  prism  spectrograph  (D)  used 
by  Dr.  Eberhard  were  not  exhibited  by  plates  taken  at  various 
times. 

In  the  latter  part  of  April  and  beginning  of  May,  1900,  three 
spectrograms  were  obtained  by  Professor  Hartmann  with  the 
large  spectrograph  (III)  in  connection  with  the  80cm  refrac- 
tor, but  a  comparison  of  these  plates  in  the  region  from  X415  to 
X455  showed  nothing  striking.  On  November  9,  1901,  and 
November  18,  19,  and  22,  1902,  Dr.  Eberhard  further  photo- 
graphed the  spectrum  of  €  Aurigae  with  the  three-prism  spectro- 
graph (IV)  designed  by  me  three  years  ago  for  the  photographic 
refractor  of  32.5  cm  aperture.  A  superficial  comparison  of  the 
spectra  taken  in  the  latter  year  with  those  of  the  preceding  year 
was  sufficient  to  show  that  the  spectrum  had  undergone  a  change. 
The  thorough  examination  and  measurement  of  the  spectro- 
grams which  I  at  once  began  has  so  far  furnished  the  result  that 
the  suspicions  of  Dr.  Eberhard  were  well  founded,  and  that  the 
spectrum  of  €  Aurigae  is  in  fact  the  result  of  the  superposition  of 
two  spectra,  the  one  similar  to  that  of  a  Cygni,  and  the  other 
lying  between  the  first  and  second  types,  like  a  Pcrsei  or  7  Cygni. 

At  present  the  first-named  spectrum  is  the  more  intense  and 

xTranslated  from  advance  proofs,  furnished  by  the  author,  of  a  paper  communi- 
cated to  the  KgL  Akademie  der  iViss.  zu  Berlin. 
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it  is  displaced  relatively  to  the  other  toward  the  violet  by  an 
amount  which  would  correspond  to  a  velocity  of  from  30  to 
40km  per  second.  The  spectrum  is  now  distinguished  from  that 
of  the  previous  year  principally  by  the  fact  that  but  few  lines  of 
the  iron  spectrum  are  recognizable  in  it.  Most  of  the  lines  have 
disappeared,  probably  as  a  consequence  of  the  relative  displace- 
ment of  the  spectra,  and  practically  the  only  lines  recognizable 
are  those  of  the  spectrum  similar  to  a  Cygni.  Most  of  these 
appear  double  and  are  characterized  by  the  fact  that  the  com- 
ponent lying  toward  the  violet  is  with  few  exceptions  the 
stronger,  and  the  boundary  on  the  violet  side  of  the  double 
lines,  which  are  often  difficult  to  separate,  is  extremely  sharp. 
This  is  particularly  striking  in  case  of  the  hydrogen  lines,  as  is 
shown  by  a  very  successful  plate  taken  by  Professor  Hartmann 
at  my  request  on  November  22,  1902,  with  the  one-prism  spec- 
trograph (I)  in  connection  with  the  80cm  refractor. 

There  can  accordingly  be  ?io  doubt  that  e  Aurigae  is  a  spectroscopic 
binary  and  probably  one  of  very  long  period. 

Considerable  difficulties  have  been  encountered  in  the  com- 
parison and  measurements  of  the  spectra  because  of  the  compli- 
cations which  result  from  dissimilarity  of  the  superposed  spectra, 
particularly  in  certain  parts  of  the  spectrum.  I  intend  to  com- 
municate later  more  fully  the  very  interesting  details  as  to  the 
spectrum  of  this  star,  which  will  be  regularly  observed  here. 

Potsdam, 
December  1902. 


Minor  Contributions  and  Notes. 


TRANSPARENCY    OF    COMET    1902  <*.x 

The  statement  is  frequently  made  that  comets  are  perfectly  trans- 
parent, even  faint  stars  being  visible  through  them.  The  observations 
on  which  this  statement  is  based  appear  to  be  very  vague,  as,  even  if 
careful  comparisons  were  made,  large  errors  might  be  introduced  by 
the  effect  of  the  bright  background  formed  by  the  light  of  the  comet. 
The  rapid  motion  of  Comet  1902  b  caused  it  to  cover  a  large  area,  and 
therefore  rendered  it  easier  to  find  a  star  over  which  it  would  pass. 
After  waiting  for  a  suitable  occasion,  the  observations  given  in  Table  I 

TABLE  I. 
OBSERVATIONS. 


G.  M.  T. 

Difference 

Residuals 

Distance 

h.      m. 

/ 

13   22.5 

1.06 

+  .01 

2.0 

13   333 

1.03 

+  .04 

I.I 

13  447 

1. 10 

-•03 

2.0 

13   577 

1.07 

.00 

4.0 

14  10.8 

1.06 

+  .01 

5-5 

14  26.7 

1.06 

+  .01 

7-9 

14  46.9 

1.08 

—  .01 

II.O 

IS     2.3 

1. 12 

-.05 

I3.I 

were  made  by  Professor  O.  C.  Wendell  with  the  polarizing  photometer 
attached  to  the  15-inch  equatorial.  On  the  evening  of  October  14, 
1902,  the  comet  passed  within  about  1 '  of  the  star  +21°3483,  photo- 
metric magnitude  7.12.  This  star  was  compared  with  -(-2i?3484, 
magnitude  8.19.  Each  set  of  observations  was  the  mean  of  sixteen 
settings.  The  Greenwich  Mean  Time  is  given  in  the  first  column,  the 
difference  in  magnitude  of  the  two  stars  in  the  second,  and  the  devia- 
tion of  this  magnitude  from  the  mean  value,  1.07,  in  the  third  column. 
A  positive  sign  indicates  that  the  star  -f-  2^3483  was  faint,  a  negative 
sign  that  it  was  bright.  The  fourth  column  gives  the  distance  of  the 
nucleus  of  the  comet  from  the  star.  The  diameter  of  the  coma  was 
1  From  Harvard  College  Observatory  Circular  No.  68. 
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about  five  or  six  minutes.  The  star  was,  therefore,  covered  by  it  in  the 
first  three  observations.  The  nucleus  resembled  a  star  of  about  the 
tenth  magnitude  and  the  brightness  of  the  coma  was  about  that  of  a 
star  of  the  ninth  magnitude  when  spread  over  a  circle  one  minute  in 
diameter.  The  largest  residual  —0.05  is  the  last  one,  when  the  alti- 
tude of  the  comet  was  only  22  °.  The  mean  of  all  the  residuals  is 
±0.02.  It  appears,  therefore,  that  the  absorption  of  the  light  by  the 
comet,  if  any,  is  insensible,  and  probably  does  not  exceed  one  or  two 
hundredths  of  a  magnitude. 

Edward  C.  Pickering. 


ADDITIONAL    STARS    OF   THE    ORION  TYPE    WHOSE 
RADIAL  VELOCITIES  VARY. 

Spectrograms  taken  with  the  Bruce  spectrograph  since  our  commu- 
nication in  the  March  number  of  this  Journal  show  that  the  radial 
velocities  of  r  Tauri  and  \J/  Orionis  vary  through  a  wide  range. 

In  order  to  reach  fainter  spectra  than  can  be  photographed  with 
the  use  of  the  cameras  A  and  B,  we  have  lately  been  experimenting 
with  lenses  of  shorter  focus  (8  to  12  in.=  20  to  30  cm),  with  encourag- 
ing results.  Several  of  the  best  types  of  modern  anastigmat  lenses 
have  been  loaned  to  us  for  trial  by  their  manufacturers  or  agents. 
These  show  a  great  gain  in  the  reduction  of  the  exposure  time,  and  it 
seems  likely  that  with  a  camera  lens  of  about  10.5  inches  (267  mm) 
focus,  especially  constructed  for  our  purpose,  this  result  may  be 
obtained  without  a  greater  loss  of  accuracy  in  the  settings  than  would 
be  justified  under  some  circumstances.  Pending  the  procurement  of 
such  a  lens,  the  Bausch  &  Lomb  Optical  Co.,  of  Rochester,  N.  Y.,  has 
most  kindly  allowed  us  to  retain  the  "Unar"  lens,  Series  I/*,  No.  7, 
which  proved  the  most  satisfactory  for  our  purposes  of  all  these  lenses 
tried  in  connection  with  the  spectrograph. 

With  this  camera  lens  we  have  obtained  plates  of  t  Tauri  (a—  4h 
36"';  S-  -f- 22^46';  Magnitude,  H.  P.,—  4.4)  on  three  dates:  1903, 
February  25,  26,  and  March  5.  The  first  plate  gave  a  radial  veloc- 
ity of  about  -\-  70km,  which,  in  view  of  the  usually  small  values 
for  stars  of  the  Orion  type,  was  Strongly  suggestive  of  a  variation. 
The  other  two  plates  confirm  this,  and  show  a  total  range  of  about 
75km. 

Three  plates  have  also  been  obtained  of  \p  Orionis  (a  ~- $h  22™  ; 
&      +3     l' '>   Magnitude.  //.  P.,  =  4.7),  the  first  with    the  short  focus 
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camera  and  the  other  two  with  camera  A.  The  examination  of  the 
first  A  plate  indicated  a  high  positive  velocity,  which  led  to  the 
measurement  of  the  short  focus  plate  previously  obtained,  on  which 
accordant  values  were  deduced  from  different  lines,  although  the  C 
plate  should  necessarily  be  given  less  weight  than  the  A  plate. 
The  data  so  far  secured  follow : 


Plate 

Date 

Taken  by 

Velocity 

No.  of  lines 

Measured  by 

c    17 
A  406 
A  415 

1903,  February    4 
February  18 
March       12 

F. 
F. 
F.# 

-.22 
+  I48 
-     31 

3 

i 

A. 

F. 
F. 

It  would  seem  probable  that  this  star  will  show  a  very  large  total 
range  when  observations  have  been  secured  of  its  maximum  and 
minimum  radial  velocities.  Plates  of  other  stars  of  the  Orion  type 
taken  with  the  short-focus  camera  suggest  variation,  but  we  are  •not  at 
this  time  prepared  to  report  as  to  them. 

Several  plates  have  been  obtained  with  the  longer  cameras  of  the 
star  7)  Hydrae  (also  of  Type  \b)  which  cause  us  to  have  suspicions  as 
to  the  constancy  of  its  radial  velocity.  The  spectrum  is  very  difficult 
of  measurement,  owing  to  the  diffuseness  of  the  lines,  and  we  shall 
follow  it  further. 

Edwin  B.  Frost  and  Walter  S.  Adams. 

Yerkes  Observatory, 
March  16,  1903. 


HENRY  A.   ROWLAND  MEMORIAL   LIBRARY. 

In  order  to  establish  a  permanent  memorial  of  the  late  Professor 
Rowland,  and  to  promote  the  efficiency  of  the  Physical  Laboratory  of 
the  Johns  Hopkins  University,  one  of  its  former  students  has  given  a 
most  generous  sum  of  money  with  which  to  found  a  special  collection 
of  books,  pamphlets,  and  other  publications  in  the  field  of  radiation 
and  spectroscopy.  This  is  to  be  called  the  "Henry  A.  Rowland 
Memorial  Library,"  and  is  to  be  placed  in  the  Physical  Laboratory  of 
the  University.  Mrs.  Rowland  has  given  the  library  all  those  books 
and  pamphlets  belonging  to  Professor  Rowland,  which  refer  to  spec- 
troscopy. 

To  make  the  collection  complete,  and  to  maintain  its  usefulness, 
the  co-operation  of  observatories,  laboratories,  and  investigators  is 
necessary.       It    is    earnestly  hoped  that  sets   of  official   publications, 
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books,  reprints  of  papers  on  spectroscopy  or  allied  subjects,  and 
photographs  of  spectra  and  of  apparatus  will  be  contributed  to  the 
library,  both  now  and  in  the  future. 

They  may  be  addressed  to  the  care  of 

Joseph  S.  Ames, 

Director  of  the  Physical  Laboratory, 

Johns  Hopkins  University, 
Baltimore,  Maryland,  U.  S.  A. 
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Mars. 

September  2,  1894.     \=  iooc. 
36-inch  refractor  of  Lick  Observatory. 
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THE  SOUTH  POLAR  CAP  OF  MARS. 
By  E.  E.  Barnard. 

However  much  the  general  surface  features  of  Mars  may  be 
misrepresented,  and  however  much  the  canals,  single  and  double, 
may  be  illusory,  the  polar  caps  seem  to  have  escaped  this 
general  deluge  of  uncertainty  and  misrepresentation. 

They  stand  for  their  face  value,  whatever  may  be  their  com- 
position. There  seems  yet  no  definite  proof  that  they  are  not  as 
much  ice  and  snow  as  that  with  which  we  have  to  deal  in  our 
own  terrestrial  winters.  So  much  is  at  least  suggested  by  the 
great  seasonal  changes  they  undergo  from  winter  to  summer. 

The  south  polar  cap  is  the  better  known  of  the  two,  because 
of  its  more  favorable  position  for  observation  at  the  near 
approaches  of  Mars.  The  changes  in  its  dimensions  have  been 
recognized  since  the  earliest  telescopic  observations  of  the  planet, 
and  the  early  supposition  that  they  were  due  to  accumulations  of 
snow  during  the  winters  of  Mars,  which  melted  away  at  the 
approach  of  summer,  is  as  good  a  theory  as  any  of  those  put 
forward  today  to  explain  the  phenomenon. 

During  the  close  approach  of  Mars  in  1S92  and  1894  the 
writer  had  a  good  opportunity  to  study  the  planet  at  the  Lick 
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Observatory  with  the  1 2-inch  and  36-inch  refractors.     A  carefu 
series  of  drawings  was  made  at  that  time,  but  they  have  not  yet 
been  published. 

Struck  with  the  great  changes  that  take  place  in  the  polar 
caps,  I  decided  to  make  a  series  of  micrometer  measures  of 
the  south  cap,  instead  of  remaining  content  with  estimates  and 
drawings  of  the  phenomenon,  though  a  great  number  of  draw- 
ings were  made  of  the  cap — some  sixty  of  which  were  published 
in  Popular  Astro?iomy  for  June  1895  (2>  433-443). 

It  would  seem  that  the  changes  in  the  dimensions  of  these 
caps  have  always  been  studied  from  drawings  and  never  from  a 
systematic  series  of  micrometer  measures.  While  these  changes 
can  be  fairly  studied  from  careful  drawings,  there  must  always 
remain  a  large  percentage  of  uncertainty,  especially  if  the 
drawings  are  by  different  observers  ;  careful  micrometer  measures 
are  therefore  always  to  be  preferred,  as  changes  indicated  by 
them  can  be  relied  upon. 

Following  are  the  measures  of  the  cap  at  the  oppositions  of 
1892  and  1894.  The  time  is  8h  om  slow  of  Greenwich.  The 
column  headed  "Days"  is  the  number  of  days  before  or  after 
the  summer  solstice  of  the  southern  hemisphere  of  Mars.  The 
measured  diameter  is  given  under  the  heading  •'  Observed, 
while  the  values  under  "  MA"  are  the  diameters  reduced  to  the 
mean  distance  of  Mars  =  1.52369.  Under  the  head  "Residuals" 
the  difference  of  each  observation  from  the  curve  is  given. 


1892 

(Made  with  the  12- 

nch  refractor.) 

Date 

Days 

! 

Observed 

MA 

Residuals 

July 

3a    I5h 

25m. . 

—  102 

I 

9*31 

2^8 

—  0fl2 

8    n 

II 

97 

■ 

10.08 

V06 

-|-0.20 

15    12 

55    •• 

90 

9-97 

2.67 

—  0.05 

22    13 

35    ■■ 

83 

9.90 

2.52 

—  O.05 

31    12 

40    .  . 

74 

1 

10.02 

2-49 

-fo.19 

August 

2    1 1 

20    . . 

72 

■ 

8.76 

2.17 

—  0.  10 

3    11 

0    . . 

71 

8.50 

i-75 

—  0.13 

3    13 

;o    . . 

71 

. 

8.86 

2. 10 

—  O.42 

4    11 

50    .. 

70 

8.4S 

2. 10 

—  O.II 

5     n 

45    •• 

6q 

S.70 

2.16 

0.00 

7     11 

25 

•  1              67 

8.17 

2.02 

—  0.07 
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1892 . Continued. 

(Made  with  the  12-inch  refractor.) 


1894. 
(Made  with  the  36-inch  refractor.) 


Date 


May 
June 

July 


28 
11 
18 
24 
25 


8 

15 

30 

August  5 

6 

13 

26 

September    2 

9 

16 

30 

October         7 

8 

November  11 


i6h  in 

16  0 

16  o 

15  20 

15  50 

15  25 

16  o 
16  30 

15  5 
13  50 

16  50 
13  40 

17  55 

13  55 
12  30 
12  10 

14  45 


11 
9 


10     30 
9     35 


Days 


-103 
96 
82 

75 
69 
68 
62 

55 
48 

33 
27 
26 

19 
-   6 

+  1 
8 

15 
29 

36 
37 
7i 


Observed 


3-84 
3-66 
3.81 
3.69 
3-55 
3-71 

3-66 
3-56 
2.25 
2.99 
2.16 
2.24 

2.95 
1.65 
2.17 
1.52 

1-75 
1. 14 

1.43 
1-49 
0.33 


MA 


2:79 
2.58 
2.46 
2.28 
2.  10 
2.18 
2.07 
I  .92 
I. 15 

1-37 
0.94 
0.97 
1 .21 


0.61 
0.76 
0.50 
o.55 
o-33 
0.41 
0.42 
o.  11 


Date 

Days 

Observed 

MA 

Residuals 

8 

10 

35   .... 

-66 

8.75 

2.17 

+  0.10 

9 

11 

30  .... 

65 

8.38 

2.08 

+O.05 

10 

10 

30  .... 

64 

7.91 

1.96 

0.00 

11 

12 

20   

63 

7.89 

1.98 

+  0.01 

12 

11 

40   .... 

62 

799 

1.99 

+0.06 

14 

10 

42   .... 

60 

7-93 

1.99 

+0.11 

17 

9 

30  .... 

57 

6.59 

1.67 

—  0.05 

18 

12 

5   .... 

56 

7.13 

1-79 

+0.07 

19 

12 

35   .... 

55 

7-13 

1.82 

+0.12 

21 

11 

45   .... 

53 

6.71 

1-73 

+0.17 

23 

9 

42   .... 

5i 

6-73 

i-75 

+0.20 

September    2 

10 

10   

41 

3.62 

1. 01 

—  O.25 

4 

7 

50  .... 

39 

3.80 

1.08 

—  0.12 

6 

9 

30   .... 

37 

2.8l 

0.81 

—0-35 

8 

8 

6   .... 

35 

4.44 

1. 11 

0.00 

9 

8 

22   

34 

3-54 

1.05 

—0.06 

9 

11 

0   

34 

365 

1.08 

-0.05 

11 

8 

25    .... 

32 

3-45 

1.04 

+0.05 

16 

7 

40   .... 

27 

3-75 

1. 19 

+0.22 

19 

8 

20   

24 

2.95 

0.96 

+0.08 

22 

6 

50   .... 

21 

2.94 

0.99 

+0.15 

23 

7 

30   .... 

20 

2.12 

0.72 

-0.14 

+0.07 

October         7 

7 

27    .... 

-  6 

1.82 

0.71 

November     6 

6 

20   

+24 

0.60 

0.31 

—0.07 

Residuals 


—  002 

—  0.  10 
+0.07 

0.00 

—  0.02 
+0.06 

+0.15 
+0.22 

-0.35 
+0.19 

—  0.  II 

—  0.05 

+  0.2S 

—  0. 10 

+0.  12 

—  0.09 
+0.02 

—  0.02 
+0.05 
+0.06 

—  0. 10 
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In  recently  looking  over  these  measures  of  the  south  polar 
cap,  it  occurred  to  me  that  if  they  were  plotted  with  respect  to 
the  summer  solstice  of  the  Southern  Hemisphere  of  Mars,  and 
if  curves  were  drawn  through  them,  the  results  might  be  very 
instructive.  The  two  curves  that  accompany  this  paper  have 
therefore  been  prepared  in  that  manner. 

The  measures  are  all  reduced  to  the  mean  distance  of  Mars, 
and  hence  are  strictly  comparable.  In  the  diagrams  the  vertical 
scale  represents  the  diameter  of  the  cap  in  seconds  of  arc,  while 
the  horizontal  scale  gives  the  time  in  days  before  and  after  the 
summer  solstice  of  the  southern  hemisphere  of  the  planet. 

At  first  sight  the  striking  fact  is  apparent  that  these  two 
curves  are  parallel  throughout.  The  cap,  therefore,  at  both 
oppositions,  followed  the  same  law  of  decrease  with  surprising 
closeness. 

Another  important  feature,  to  which  I  have  already  called 
attention  in  the  number  of  Popular  Astronomy  referred  to,  is  that 
the  cap  continues  to  diminish  after  the  summer  solstice,  or 
beyond  the  time  when  the  greatest  heat  is  received  from  the 
Sun,  showing,  as  in  the  case  of  the  Earth,  that  the  highest  tem- 
perature is  not  reached  until  several  months  after  the  maximum 
of  solar  heat.  This  may  have  considerable  bearing  upon  the 
presence  of  a  Martian  atmosphere. 

There  seems  to  be  a  general  belief  now  that  Mars  certainly 
has  an  atmosphere.  This  atmosphere  seems  to  be  very  much 
less  dense  than  our  own,  and  yet  it  is  of  sufficient  density  to 
produce  the  phenomena  of  the  polar  caps  by  condensation  and 
evaporation,  and  also  to  produce,  though  rarely,  some  form  of 
clouds. 

The  maximum  diameter  of  the  cap  is  perhaps  shown  by  my 
measures,  as  the  Sun  had  only  risen  on  the  south  pole  some 
four  or  five  weeks  earlier,  and  the  curves  do  not  seem  to  indi- 
cate that  there  was  any  sensibly  larger  diameter  for  the  short 
interval  between  the  rising  of  the  Sun  and  the  beginning  of  the 
measures. 

It  would  be  very  interesting  to  watch  the  growth  of  the  south 
cap  to  see  if   the  increase  follows  the  same  law  as  the    decrease. 
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It  seems,  however,  that  the  increase  can  never  be  seen.  Though 
the  planet  was  carefully  watched  in  1894,  nothing  was  visible  of 
the  cap  after  November  19.  It  seemed  to  have  entirely  disap- 
peared. Records  of  its  non-visibility  were  kept  as  late  as  May 
12,  1895.  After  the  middle  of  February,  however,  it  would  have 
been  immersed  in  the  shadow,  as  the  Sun,  after  that  date,  would 
pass  too  far  north  to  shine  on  it.  Hence,  if  we  take  these 
observations  as  a  criterion,  it  will  not  be  possible  to  watch  the 
growth  of  any  portion  of  the  cap  at  any  time. 

On  several  occasions  a  portion  of  the  outline  of  the  polar  cap 
was  lost  by  a  dusky  obscuring  medium  which  would  eventually 
clear  away  and  the  outlines  would  then  again  become  distinct. 
There  seemed  to  be  good  reason  for  believing  this  temporary 
obscuration  to  be  of  the  nature  of  clouds. 

In  May  of  1894  the  polar  cap  covered  an  area  of  about 
365,000  square  miles.  By  the  last  of  November  it  had  all  dis- 
appeared, having  apparently  melted  entirely  away. 

The  rapid  decrease  of  the  polar  cap  shows  that  the  snow,  if 
snow  it  be,  cannot  be  of  great  depth.  It  is  probably  a  more  or 
less  thin  sheeting,  just  as  in  winter  here  on  the  Earth  the  ground 
will  be  sometimes  covered  with  snow  down  beyond  middle  lati- 
tudes, which  may  in  the  course  of  a  few  days  melt  away,  pro- 
ducing a  rapid  change  in  the  apparent  extent  of  the  Earth's 
polar  cap  as  seen  from,  say,  Venus. 

The  following  table  gives  the  diameter  of  the  south  polar  cap 
for  every  five  days  before  and  after  the  Martian  summer  solstice, 
taken  from  the  curves  of  1892  and  1894.  It  will  be  seen  that 
the  difference  is  very  small,  not  exceeding  ofo8.  Whether  the 
change  of  sign  is  clue  to  a  real  difference  in  the  diminishing  of 
the  cap  in  1892  and  1894  it  is  not  possible  to  tell  —  the  quantity 
involved  in  the  apparent  change  is  too  small  to  deal  with  in 
measures  of  this  kind,  and  can  well  be  attributed  to  errors  in 
drawing  the  curves.  From  the  strikingly  close  agreement  of 
the  curves  at  the  two  seasons,  it  would  appear  that  the  mean 
curve  indicated  in  the  last  column  would  serve  as  a  means  of 
predicting  the  mean  diameter  of  the  cap  with  great  exactness  — 
indeed,    with    greater   accuracy   than    it    can   be   measured.      Of 
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course,  this  is  a  statement  resting  on  only  two  Martian  years, 
but  I  believe  the  changes  in  these  caps,  apparently  uninterrupted 
by  freaks  of  weather,  and  depending  probably  on  the  position 
of  the  Sun  alone,  follow  a  perfectly  regular  law  which  is  shown 
by  these  curves,  and  which  permits  an  accurate  prediction  of  the 
mean  diameter  of  the  cap. 

DIAMETER  OF  THE  SOUTH  POLAR  CAP  FOR  EVERY  FIVE  DAYS,  TAKEN 
FROM  THE  CURVES  OF  1 892  AND  1 894. 


No.  Days  before 
Summer  Solstice 

z8o3 

1894 

Difference 

Mean  Curve 

IOO 

2f90 

2. '85 

+0.-05 

2. '87 

95 

2.83 

2.77 

H 

-0.06 

2.80 

90 

2.74 

2.70 

-0.04 

2.72 

85 

2.6l 
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-0.04 

2.59 

80 

2.50 

2.42 

-0.08 

2.46 

75 

2.35 

2.31 

-0.04 

2-33 

70 

2.20 

2.17 

-0.03 

2.19 

65 

2.04 

2.01 

-0 .  03 

2.02 

60 

1.86 

1.87 

—  0.01 

1.87 

55 

1.69 

1-73 

—0.04 

I. 71 

50 

'53 

1.56 

-0.03 

1-54 

45 

1.37 

1-43 

—0.06 

1.40 

40 

1.24 

1.30 

—0.06 

1.27 

35 

1. 12 

1 .20 

-0.08 

1. 16 

30 

1.02 

1.09 

—0.07 

1.06 

25 

0.94 

0.98 

—0.04 

0.96 

20 

0.84 

0.91 

—0.07 

0.88 

15 

0.77 

0.82 

—0.05 

0.80 

10 

0.70 

0-75 

—0.05 

0-73 

5 

0.64 

0.68 

—  0.04 

0.66 

0 

0.58 

0.63 

—0.0s 

0.60 

After  5 

0.52 

0.60 

-0.08 

0.56 

10 

0.48 

0.56 

—0.08 

0.52 

15 

0.44 

0.52 

-0.08 

0.48 

20 

0.41 

0.49 

-0.08 

0-45 

25 

0-37 

0-45 

—  0.08 

0.41 

30 

o.35 

0.42 

—0.07 

0-39 

35 

0-39 

40 

0-35 

45 

0.32 

50 

0.30 

55 

0.27 

60 

0.25 

65 

0.24 

70 

0.23 

The  outline  of  the  polar  cap  was  often  irregular.  Details 
were  frequently  visible  upon  its  surface  in  the  form  of  bright 
spots,  broad  bright  lines,  and  changing  dark  spots.  A  large  tem- 
porary dark  spot  was  visible  near  the  middle  of  the  cap  at  both 
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oppositions  when  the  cap  was  at  its  largest.  This  seemed  to  dis- 
appear as  the  cap  became  smaller.  On  one  occasion  this  central 
marking  on  the  cap  was  of  a  reddish  hue,  like  the  general  sur- 
face of  the  planet,  and  on  several  dates  the  cap  was  distinctly 
double. 

The  most  striking  phenomenon  connected  with  the  cap,  how- 
ever, and  perhaps  the  most  important,  was  the  recurrence  of  a 
projection  from  the  edge  of  the  cap,  which  appeared  at  the  same 
point  in  both  years,  and  which  was  left  behind  as  a  bright  strip  as 
the  cap  diminished,  showing  it  to  be  due  to  some  local  pecul- 
iarity of  the  surface  of  Mars.  It  was  suggested  at  the  time  that 
this  might  be  caused  by  a  group  or  range  of  mountains  at  that 
point  on  Mars.  If  these  were  mountains,  the  snow  on  their  sum- 
mits would  remain  stationary  as  a  white  strip,  after  the  receding 
cap  had  left  it,  until  it  melted.  Thus  the  decay  of  the  polar  cap 
probably  reveals  to  us  the  existence  of  mountains  on  Mars,  which 
would  otherwise  remain  unknown. 

In  tracing  back  this  phenomenon  through  former  oppositions 
it  was  found  that  this  very  thing  had  been  seen  by  Mitchel  at 
Cincinnati  in  the  year  1845  at  tne  same  point  on  the  surface  of 
Mars.  It  doubtless  repeats  itself  every  Martian  year  when  the 
cap  is  diminishing. 

It  is  possible  to  predict  when  it  will  be  visible  from  the  Earth. 
It  begins  to  appear  about  sixty  days  before  the  Martian  summer 
solstice,  and  is  passing  through  its  changes  for  about  a  month. 
It  ought  to  begin  to  be  visible  when  the  heliocentric  longitude 
of  Mars  is  about  3 20°.  When  more  careful  and  continuous 
observations  have  been  secured,  its  reappearance  ought  to  be  pre- 
dicted very  closely. 

Since  writing  the  above  I  have  consulted  the  classical  paper 
by  Mr.  N.  E.  Green  in  the  Memoirs  of  the  Royal  Astronomical 
Society,  Vol.  XLII,  where  he  has  given  a  series  of  twelve  admir- 
able drawings  of  Mars1  (made  at   Madeira  in  1877),  with  a  map 

'Mr.  Green  mentions  that  these  twelve  are  selected  from  forty-one  drawings  of 
the  planet  made  by  him  in  1 877.  These  splendid  drawings,  which  so  faithfully  repre- 
sent the  telescopic  appearance  of  Mars,  should  all  be  made  available  to  those  inter- 
ested in  the  planet.  In  these  days  of  half-tone  work  their  accurate  reproduction 
would  be  inexpensive. 
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of  the  surface  of  the  planet.  In  his  paper  Mr.  Green  calls 
attention  to  the  repetition  of  the  projection  from  the  south  polar 
cap  (the  same  shown  in  my  drawings)  and  offers  the  same 
explanation  for  its  cause,  i.  e.,  a  mountainous  surface.  One  of 
these  bright  spots  he  has  named  ••  Mitchel  Mount,"  in  honor  of 
Mitchel,  of  the  Cincinnati  Observatory,  to  whose  drawings  we 
have  referred. 

The  north  cap  in  1895  was  we^  seen,  clear,  and  distinct  on 
May  6.  Evidences  of  it  had  been  seen  several  months  earlier. 
A  note  on  December  23,  1894,  at  6h  says:  "there  is  a  strong 
bluish  white  glow  at  the  north  limb,  but  no  definite  polar  cap." 
This  glow  was  frequently  noticed  thereafter  until  the  true  cap 
made  its  appearance. 

To  show  some  of  the  peculiarities  of  the  outlines  of  the  cap 
and  of  thedet  ails  upon  its  surface,  eight  drawings  for  each  of  the 
seasons,  1892  and  1894,  have  been  selected  for  reproduction 
here  (Plate  XVIII).  No  effort  has  been  made  to  retain  any  of 
the  details  of  the  surface  of  the  planet  near  the  caps,  as  such 
details  would  more  properly  belong  to  the  drawings  of  the  planet 
itself. 

One  drawing  of  the  planet  is  also  given  (Plate  XVII),  as  a 
sample  of  the  details  visible  in  1894.  In  many  of  the  drawings 
secured  at  that  opposition,  when  the  planet  was  well  seen,  the 
details  were  so  abundant  and  complicated,  especially  in  the  dark 
regions,  that  it  was  impossible  to  correctly  delineate  them. 

Yerkes  Observatory, 
April  2,  1903. 


CATHODO-LUMINESCENCE   AND   THE    NEGATIVE 
POLE   SPECTRUM    OF    NITROGEN. 

By  Percival   Lewis. 
I.       A    STUDY    OF    THE    NEGATIVE    GLOW. 

In  a  previous  paper1  it  was  shown  that  the  vapors  of  a  num- 
ber of  metals  can  be  made  luminous  by  the  action  of  cathode 
rays  alone,  precautions  being  taken  to  prevent  the  passage  of  a 
conduction  current  through  them.  It  has  been  suggested  by 
several  investigators  that  the  characteristic  negative  glow 
observed  in  vacuum  tubes  containing  certain  gases,  notably 
nitrogen,  is  likewise  the  direct  effect  of  the  energy  absorbed 
from  the  cathode  rays  by  impact  or  otherwise.  In  the  case  of 
volatile  metals  it  is  easy  to  isolate  their  heavy  vapors  by  heating 
the  metals  at  one  end  of  a  long  vacuum  tube.  Their  slow  dif- 
fusibility  and  rapid  condensation  on  passing  beyond  the  heated 
region  prevents  them  from  raising  the  pressure  of  the  highly  rari- 
fied  atmosphere  around  the  distant  cathode,  from  which  the  rays 
are  projected  into  the  mass  of  vapor.  Such  a  method  is  obviously 
impossible  in  the  case  of  light  and  rapidly  diffusible  gases,  such 
as  nitrogen.  In  such  cases  complete  isolation  from  the  region 
traversed  by  current  can  be  secured  only  by  a  very  thin  metal 
partition,  as  in  Lenard's  experiments,2  and  then,  as  shown  by  Len- 
ard,  the  luminosity  produced  is  too  small  to  be  examined  spec- 
troscopically.  Such  luminosity  does  exist,  however,  although  it 
cannot  be  positively  identified  with  the  negative  glow.  The 
only  practicable  method  of  showing  that  the  negative  glow  is  due 
altogether  to  cathode  rays  seems  to  bean  indirect  one  —  by  com- 
paring those  parts  of  the  negative  glow  through  which  it  is  likely 
that  little  or  no  current  flows  with  those  parts  through  which  the 
greater  part  of  the  current  flows.  If  no  difference  is  found  in 
the  luminosity,  either  qualitative  or  quantitative,  it  would  seem 

1  P.  Lewis,  Astroimiysical  Jotknal,  16,  31,  IQ02. 

2  ll'it-ii.  Ann.,  51,  220,  1S94. 
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exceedingly  probable  that  the  luminosity  in  this  part  of  the  tube 
is  due  to  cathode  rays  solely. 

Since  there  is  convincing  evidence  that  cathode  rays  con- 
sist of  negatively  charged  particles,  it  may  be  asked  whether  the 
continuous  projection  of  such  particles  does  not  in  itself  consti- 
tute a  convective  electric  current;  for  it  is  generally  taken  for 
granted  that  the  current  through  the  positive  column  is  also 
transported  convectively,  by  some  process  akin  to  electrolytic 
conduction.  There  are,  however,  at  least  two  grounds  for  differ- 
entiation between  the  two  processes  :  ( 1 )  the  cathode  dis- 
charge at  low  pressures  takes  place  in  all  directions  normal  to 
the  cathode,  with  absolute  indifference  to  the  position  of  the 
anode,  while  the  positive  column,  like  the  ordinary  electric  cur- 
rent, takes  the  shortest  or  least  resistant  path  between  the 
electrodes;  and  (2)  the  cathode  rays  seem  to  consist  of  sub- 
atomic corpuscles,  while  such  evidence  as  we  have  indicates  that 
the  positive  electricity  travels  with  particles  of  atomic  magnitude, 
as  in  the  case  of  electrolysis. 

A  straight  tube  of  about  6mm  internal  diameter  was  used. 
(See  Plate  XIX.)  The  cathode  Cwas  in  the  middle,  the  anode  A 
near  one  end,  and  an  idle  electrode  E  (usually  earthed  through 
a  high  resistance)  at  the  other  end.  The  distance  between  the 
electrodes  was  about  7  cm.  They  were  made  of  thick  disks  of 
aluminum,  and  nearly  filled  the  cross-section  of  the  tube.  A  Leeds 
induction  coil  giving  a  very  heavy  spark  about  6  cm  long  was 
used.  The  nitrogen  was  prepared  by  heating  a  solution  of 
ammonium  sulphate  and  sodium  nitrite  in  molecular  proportions, 
and  was  freed  from  oxygen,  carbon  dioxide,  and  water  vapor  by 
passing  it  in  succession  through  pyrogallic  acid,  concentrated 
potassium  hydrate  solution,  and  a  train  of  drying  tubes. 

It  is,  of  course,  well  known  that  the  direction  of  the  negative 
glow  is  independent  of  the  position  of  the  anode.  It  has  not, 
perhaps,  been  sufficiently  emphasized  that  when  the  cathode  has 
sufficient  free  space  on  both  sides  the  glow  is  perfectly  symmet- 
rical, and  is  just  as  large  and  intense  on  the  side  opposite  the 
anode  as  on  the  same  side.  This  is  true  when  the  cathode 
almost  closes  the  tube,  but  not  when  it  entirely  closes  it.     The 
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glow  G2  resembles  Gx  in  form,  size,  and  intensity,  whether  all 
three  electrodes  are  insulated,  A  alone  earthed,  or  A  insulated 
and  C  and  E  both  earthed.  The  only  difference  observed  was 
that  at  very  low  pressures  in  the  latter  case  there  was  a  division 
of  the  negative  discharge  between  C  and  E,  with  a  short  inde- 
pendent positive  column  between  them ;  but  even  in  this  case 
the  discharge  from  C  was  perfectly  symmetrical. 

The  luminosity  of  G9  was  apparently  equal  to  that  of  Gx  at 
all  pressures.  This  was  tested  by  throwing  an  image  of  each  in 
succession  on  the  slit  of  a  Glan  spectro-photometer  and  measur- 
ing the  intensities  of  the  three  bright  negative  pole  bands  X  5228, 
^-4709*  and  X4278  at  equal  distances  on  each  side  of  C  through 
a  wide  range  of  pressures.  At  low  pressures  and  at  considerable 
distances  from  the  electrode  the  luminosity  was  small  and  meas- 
ment  difficult;  but  up  to  distances  of  2 cm  from  Cat  a  pressure 
of  about  1  mm  there  seemed  to  be  equality  of  intensity  on  each 
side,  within  the  range  of  experimental  error.  This  symmetry 
is  also  clearly  shown  on  photographs  to  be  described  later. 

With  this  form  of  tube  it  would  certainly  be  incorrect  to  say 
that  no  conduction  current  passes  from  the  anode  to  the  farther 
side  of  the  cathode,  and  consequently  through  G2.  This  is  shown 
by  the  fact  that  when  C  completely  closes  the  tube,  except  for  a 
small  tortuous  channel  to  permit  equalization  of  gas  pressure, 
there  is  no  negative  glow  on  the  farther  side,  as  there  should  be 
if  the  negative  glow  were  independent  of  the  existence  of  the 
anode  within  the  same  inclosure,  as  well  as  of  its  direction.  The 
greatest  resistance  to  the  discharge  is  at  the  cathode,  and  at  low 
pressures  we  may  expect  that  every  available  part  of  its  surface 
will  be  equally  brought  into  requisition  to  facilitate  the  discharge, 
even  though  the  diverted  part  of  the  conduction  current  be 
forced  to  take  a  very  roundabout  and  constricted  path  to  the 
rear  of  the  cathode.  It  seems  likely,  however,  that  the  greater 
part  of  the  current  will  pass  directly  to  the  nearer  side,  and  that 
the  diverted  part,  after  passing  around  the  cathode,  will  take  as 
short  a  path  as  possible  to  its  surface  ;  and  yet  the  intensities  of 
the  negative  glow  on  the  two  sides  is  the  same  not  only  near  the 
cathode,  but  at  distances  as  great  as  2  cm.      The  matter  is   com- 
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plicated  by  the  fact  that  the  canal  rays  discovered  by  Goldstein1 
and  shown  by  Wien"  to  consist  of  projected  positively  charged 
particles,  coming  probably  from  the  anode,  pass  readily  through 
openings  through  and  around  the  cathode,  and  may  take  some 
unknown  part  in  the  processes  going  on  in  that  region.  The 
canal  rays,  however,  have  not  been  observed  at  pressures  of 
more  than  a  few  tenths  of  a  millimeter. 

In  order  further  to  vary  the  conditions,  a  completely  closed 
wire-gauze  cylinder  was  inserted  between  E  and  C,  touching  the 
former  and  ending  about  5  mm  from  the  latter.  The  negative 
glow  penetrated  the  meshes  of  this  cylinder,  without  any  appar- 
ent changes  of  either  intensity  or  length.  In  most  cases  C  was 
earthed  by  a  wire  and  E  by  contact  with  a  wooden  table,  so  that 
static  discharges  might  escape  from  the  latter  without  any 
appreciable  conduction  current. 

The  effects  of  the  electrostatic  forces  acting  between  C  and 
the  gauze  cylinder  and  the  walls  of  the  tube  must  not  be  over- 
looked, and  there  can  be  little  doubt  that  some  discharges 
through  this  region  must  have  resulted  from  them.  They  were 
never  sufficiently  strong  to  cause  visible  luminosity. 

Thus  the  currents  through  <9amust  have  been  small  compared 
with  that  through  Gx\  furthermore,  the  conditions  were  so  varied 
that  there  must  have  been  great  relative  changes  in  the  intensity 
of  these  small  currents  —  and  yet  <92  remained  exactly  like  Gx. 
There  seems  to  be  no  escape  from  the  conclusion  that  the  nega- 
tive glow  is  independent  of  current  and  dependent  upon  some 
other  form  of  discharge,  and  no  alternative  to  fixing  the  responsi- 
bility upon  the  cathode  rays. 

An  arrangement  was  next  devised  for  photographing  the 
spectrum  of  all  parts  of  the  tube  simultaneously,  in  order  that 
any  local  differences  might  be  more  clearly  shown  and  recorded. 
A  metallic  slit  about  15  cm  long  was  placed  immediately  in  front 
of  the  discharge  tube  and  parallel  to  it.  By  means:  of  two 
lenses  of  about  30cm  focal  length,  one  simple  and  the  other 
achromatic,  and  a  large  Rutherfurd  compound  prism,  a  spectrum 
was    thrown  on    a    photographic    plate.     The    arrangement  was 

x Berichte  d.  k,  Akad.  Berlin,  1886.  a  ll'ied.  Ann.,  65,  440,  1898. 
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crude,  and  not  capable  of  accurate  or  permanent  adjustment ; 
nevertheless  some  of  the  results,  especially  those  dependent 
upon  altering  the  nature  of  the  discharge,  are,  perhaps,  of  suf- 
ficient interest  to  warrant  the  reproduction  of  a  few  of  the  plates. 

The  principal  characteristics  of  the  spectrum  of  the  simple 
induction  discharge  at  different  pressures  are  shown  in  Figs.  I  and 
2,  Plate  XIX,  corresponding  to  pressures  of  about  ioand  I  mm 
respectively.  The  wave-lengths  of  the  principal  negative  pole 
bands  are  indicated,  and  an  iron  comparison  spectrum  is  also 
given.  Alongside  of  Fig.  I,  is  a  diagram  of  the  vacuum  tube, 
showing  the  corresponding  appearance  of  different  parts  of  the 
discharge.  In  Fig.  I  the  first  dark  space  extends  less  than  a 
millimeter  from  the  cathode,  the  second  is  nearly  a  centimeter 
long,  and  the  negative  bands  barely  stretch  across  it.  The 
almost  perfect  symmetry  of  the  glow  is  well  shown.  It  is  to  be 
noted  that  all  the  positive  pole  bands  appear  at  the  cathode,  and 
are  about  as  intense  as  in  the  positive  column.  They  extend 
faintly  across  the  second  dark  space,  as  well  as  the  first,  so  that 
these  spaces  are  by  no  means  absolutely  dark.  Sufficient  expo- 
sure would  always  bring  out  all  the  positive  bands  throughout 
the  dark  spaces. 

In  Fig.  2  the  first  dark  space  is  several  millimeters  long, 
while  the  second  is  driven  up  to  the  positive  column  by  the 
negative  glow  ;  but  the  strong  negative  pole  bands  run  across  to 
the  anode,  with  uniformly  diminishing  intensity.  Here  also  the 
negative  pole  bands  appear  to  be  symmetrical  on  both  sides  of 
the  cathode,  while  the  positive  bands  are  somewhat  stronger 
toward  the  anode.  This  is  probably  due  to  the  fact  that  the  dis- 
charge was  not  strictly  uni-directional,  so  that  feeble  positive 
alternated  with  strong  negative  discharges  from  C.  Similar 
effects  were  observed  on  several  plates  at  low  pressures,  but  not 
at  high  pressures.  Several  striations  of  the  positive  column 
are  shown,  with  marked  variations  in  the  intensity  of  the  posi- 
tive bands,  but  so  little  in  that  of  the  negative  bands  that  it  is 
suggested  that  the  latter  run  through  the  positive  column  with- 
out any  variations  except  a  gradual  decrease  of  intensity,  the 
small   differences  observed   being    due   to   the   underlying  weak 
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positive  bands.  Similar  effects  were  observed  on  several  plates, 
and  show  that  the  negative  glow  is  independent  of  the  changes 
of  potential  gradient  found  in  the  striations  and  the  second 
dark  space.  In  the  first  dark  space,  however,  the  bands  are 
somewhat  weaker  than  they  are  at  the  beginning  of  the  glow. 
It  is  interesting  to  note  that  the  F  line,  which  frequently 
appeared,  and  two  strong  lines  which  appear  to  be  X3962  and 
^■3944  the  longest  lines  of  aluminum,  are  strongest  in  the  first 
dark  space.  These  aluminum  lines  appeared  on  nearly  all  the 
plates,  increasing  in  intensity  as  the  pressure  diminished,  and 
extend,  not  the  entire  length  of  the  negative  glow,  but  only 
about  as  far  as  the  "  spluttering  "  of  aluminum  on  the  walls  of 
the  tube  could  be  observed.  This  shows  that  the  particles  of 
metal  detached  from  the  electrode  assist  in  the  discharge,  and 
can  give  a  spectrum,  although  the  contrary  is  sometimes 
assumed,  and  that  this  spectrum  is  probably  due  to  aluminum 
in  the  atomic  state,  not  in  the  form  of  cathode  corpuscles,  in 
which  case  the  lines  would  extend  throughout  the  negative 
glow. 

II.   EFFECTS  DEPENDING  UPON  NATURE  OF  DISCHARGE. 

It  was  found  that  some  interesting  changes  resulted  from 
altering  the  nature  of  the  discharge,  as  in  passing  from  the 
simple  discharge  to  that  with  a  spark-gap  in  the  circuit  and  a 
condenser  in  parallel,  or  in  adding  self-induction  to  the  above. 
Some  of  these  effects,  such  as  the  transition  from  the  line  to  the 
band  spectrum,  are  well  known,  but  others  seem  to  have  pre- 
viously escaped  observation. 

These  changes  are  described  in  detail  below,  with  references 
to  figures  in  some  cases. 

Pressure  100mm  (Plate  XX,  Fig.  3).  —  Simple  discharge  {A)  : 
The  negative  pole  bands  are  fajnt  and  very  short.  The 
aluminum  pair  is  absent.  Self-induction  (B)  : — There  is  a 
remarkable  change  in  the  appearance  of  the  spectrum.  The 
negative  pole  bands  are  strong  across  the  entire  field.  The 
positive  pole  bands  are  very  weak.  The  aluminum  pair  appears 
at  both  electrodes,  and  some  faint  aluminum  lines  at  one 
electrode.     Condenser   (C)  : — The    well-known    line    spectrum 
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appears,  with  some  weak  bands.  The  aluminum  pair  appears, 
but  is  not  so  strong  as  with  self-induction.  The  appearance  of 
the  condenser  discharge  was  dazzling  white;  that  with  self- 
induction  was  a  light  pink. 

Pressure  40mm  (Fig.  4).  —  Simple  discharge:  As  in  previ- 
ous case,  except  that  the  negative  bands  are  longer.  Self- 
induction  {A)  :  The  negative  pole  bands  are  strong  across 
entire  field,  but  the  contrast  with  the  positive  bands  is  not  so 
strong  as  at  100  mm.  The  aluminum  lines  were  weak.  Con- 
denser: Lin*  spectrum  as  before.  Tesla  current  (B)\  Very 
much  like  spectrum  with  self-induction,  but  the  negative  bands 
are  relatively  a  little  weaker.  Note  that  this  spectrum  appears 
identical  as  far  as  relative  intensities  is  concerned  with  the  con- 
denser spectrum  (B)  of  Fig.  5. 

Pressure  10mm  (Fig.  5).  —  Simple  discharge:  See  Fig.  1, 
Plate  XIX.  Self-induction  {A):  Like  {A),  Fig  4,  except  that 
the  positive  bands  are  possibly  relatively  a  little  stronger.  Con- 
denser (B)  :  The  lines  have  changed  to  bands,  but  the  negative 
bands  are  relatively  not  quite  so  intense  as  with  self-induction. 
The  spectrum  is  like  that  with  the  Tesla  current  at  40mm. 
The  condenser  current  was  far  more  intense  than  the  Tesla  cur- 
rent ;  the  self-induction  current  was  of  intermediate  intensity. 
The  relative  intensities  of  the  different  discharges  may  be 
inferred  from  the  fact  that  usually  the  times  of  exposure  with 
condenser,  self-induction,  simple,  and  Tesla  currents  were  about 
10  minutes,  15  minutes,  20  minutes  and  I  hour  respectively. 
Where  the  relative  differences  in  the  spectra  are  small,  perhaps 
the  best  estimate  may  be  obtained  by  comparing  the  head  of 
X.3914  with  the  head  of  the  neighboring  positive  band  on  the 
left.  With  self-induction  in  every  case  the  former  is  more 
intense  ;  with   condenser  or  Tesla   current  they  are  about  equal. 

Pressure  2mm  (Fig.  6).  —  Appearance  about  as  before, 
except  that  negative  glow  is  much  longer  with  simple  discharge. 
Spectra  with  self-induction  and  with  condenser  are  shown  in 
(A)  and  (B).      (C)  and  (D)  will  be  described  later. 

Pressure  0.7mm. —  Simple  discharge. —  Negative  bands  run 
across   to   anode,  and   positive   bands   are   very  weak.     Positive 
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column  is  about  4  mm  long.  The  spectra  with  self-induction 
and  with  condenser  are  hardly  distinguishable,  and  the  negative 
bands,  while  present  throughout  tube,  are  hardly  so  intense  as 
one  would  expect  from  their  appearance  with  the  simple  dis- 
charge and  the  low  pressure.  They  by  no  means  predominate 
over  the  positive  bands. 

With  a  slowly  oscillating  current  through  a  vacuum  tube, 
such  as  can  be  obtained  when  a  condenser,  without  spark-gap,  is 
in  series  with  the  tube  (in  which  case  the  frequency  is  twice  that 
of  the  primary  break)  both  ends  of  the  tube  give  the  negative 
glow,  which  is  limited  to  the  ends.  The  question  arises  :  why, 
with  very  rapid  oscillatory  discharges,  do  the  negative  bands 
appear  from  one  end  to  the  other?  Goldstein1  noted  that  with 
very  intense  discharges  the  negative  bands  appeared  in  all  parts 
of  the  tube,  and  he  seems  to  have  associated  this  effect  with  the 
intensity  of  the  discharge.  We  see,  however,  that  the  spectrum 
of  the  feeble-Tesla  discharge  at  40mm  is  identical  with  that  of 
the  strong  condenser  discharge  at  10mm.  (At  40  mm  the  con- 
denser discharge  gave  a  line  spectrum,  and  at  10 mm  the  tube 
was  broken  before  a  Tesla  exposure  could  be  made,  so  com- 
parison at  the  same  pressure  was  not  made.)  In  all  cases  there 
was  an  enhancement  of  the  negative  bands  by  self-induction, 
although  this  effect  became  small  at  low  pressures  ;  but  the  self- 
induction  discharge  is  weaker  than  that  of  the  condenser.  The 
electromotive  intensity  of  the  Tesla  current  is  greater  than  that 
of  the  condenser,  its  intensity  (energy)  is  less,  and  its  oscilla- 
tory frequency  is  of  the  same  order.  The  self-induction  dis- 
charge is  intermediate  in  energy,  its  frequency  is  much  less  than 
that  of  either  condenser  or  Tesla  discharge.  It  seems  that  we 
should  look  for  the  cause  of  the  observed  differences,  not  to 
electromotive  intensity  or  energy  (although  they  may  take  a 
part),  but  in  altered  frequency  of  the  discharge.  Just  how  this 
time  element  affects  the  problem  is  next  to  be  considered. 

A  clue  to  the  cause  of  the  presence  of  the  negative  bands  through 
the  tube,  and  also  to  the  effect  of  self-induction,  is  found  in  two 
important  papers  by  Spottiswoode  and  Moulton.2    They  show  that, 

x  Berichte  d.  k.  Akad.  Berlin,  1876  p.  281  ;   Wied.  Ann.,  15,  280,  1882. 
*PhiL  Trans.,  1879,  1880. 
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in  general,  the  time  required  for  the  discharge  of  negative  electric- 
ity from  an  electrode  is  greater  than  that  required  by  positive,  and 
that  in  some  cases  discharges  may  take  place  from  parts  of  the 
inner  walls  of  the  tube  under  the  action  of  strong  electrostatic 
stresses.  Later  }.  J.  Thomson1  showed  that  the  positive  lumi- 
nosity starts  at  the  anode,  travels  at  a  finite  rate  toward  the 
cathode,  and  even  in  a  long  tube  will  arrive  at  a  point  near  the 
cathode  before  the  negative  glow.  On  account  of  the  lag  in  the 
negative  discharge,  the  walls  of  the  tube,  on  which  electricity  is 
separated  inductively,  may  assist  the  cathode  in  neutralizing  the 
positive  electricity,  and  this  general  discharge  may  account  for 
the  general  presence  of  the  negative  bands  when  intense  dis- 
charges are  employed.  If,  however,  the  rate  of  oscillation  is 
very  rapid,  as  in  the  condenser  discharge,  the  interval  between 
two  oscillations  may  be  too  short  to  allow  complete  discharge 
of  the  negative  electricity — in  other  words,  the  discharge  may 
be,  as  Spottiswoode  and  Moulton  found  in  some  cases,  almost 
uni-polar,  taking  place  only  from  the  anode,  and  the  negative 
bands  will  be  weak.  On  introducing  self-induction  the  oscilla- 
tions become  slower  and  a  more  complete  discharge  of  negative 
electricity  may  result,  thus  enhancing  the  negative  bands.  The 
intensity  or  temperature  of  a  discharge  may  determine  the  pro- 
duction of  a  line  or  band  spectrum,  but  it  seems  at  least  possible 
from  these  considerations  that  the  appearance  of  the  nega- 
tive bands  throughout  the  tube  is  only  an  indirect  effect  of  the 
intensity,  depending  directly  upon  the  cathode  rays  emitted 
from  the  walls  of  the  tube  under  the  action  of  electrostatic 
stresses.  It  might  be  anticipated  that  the  metallic  screen  with 
slit  near  the  tube  would  magnify  these  effects,  but  the  same 
results  were  obtained  when  a  slit  ruled  on  a  developed  photo- 
graphic plate  was  substituted. 

If  this  hypothesis  be  correct,  the  action  of  a  cathode  or  X-ray 
tube  with  spark-gap  and  condenser  in  parallel  should  be  stimu- 
lated by  adding  self-induction.  It  is  probably  known  that  this 
is  the  case,  although  previously  unknown  to  the  writer.  A  test 
substantiated  this  expectation;  self-induction  added   to   the   cir- 

1  Recent  Researches  in  Electricity  and  Magnetism,  p.  1 1 6. 
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cuit  of  a  cathode  ray  tube^  increased  the  fluorescence  several 
times,  although  the  spark-gap  showed  plainly  that  the  intensity 
of  the  discharge  was  thereby  diminished. 

K.  Wesendonck1  showed  that  the  walls  of  a  vacuum  tube 
seem  to  facilitate  the  negative  discharge. 

Another  test  was  made  by  placing  the  electrodes  previously 
used  in  a  large  glass  bulb  about  1 5  cm  in  diameter.  The  dis- 
charge through  this  tube  was  very  unsteady  except  at  pressures 
under  10  mm,  so  that  it  was  difficult  to  get  photographs  at 
higher  pressures.  At  about  this  pressure  both  the  condenser 
and  self-induction  gave  the  continuous  negative  bands  ;  but  they 
were  very  feeble  compared  with  those  obtained  with  the  small 
tube.  At  a  pressure  of  about  2  mm  the  heads  of  the  X4278  and 
X3914  bands  can  barely  be  detected  in  the  spectrum  of  the  con- 
denser discharge  (Fig.  6,  D),  but  with  self-induction  they  are 
seen  faintly  at  the  electrodes,  while  elsewhere  there  is  not  a 
trace  of  them  to  be  seen  (Fig.  6,  C). 

This  is  strong  corroborative  testimony,  but  is,  of  course,  not 
absolutely  conclusive  as  excluding  the  effects  of  intensity  until 
we  know  how  much  the  latter  is  modified  by  the  size  of  the  tube. 
With  the  large  tube,  however,  the  discharge  confined  itself  within 
a  limited  space,  and  while  not  so  intense  as  at  the  same  pres- 
sures in  the  small  tube,  the  difference  in  intensity  did  not  seem 
sufficient  to  account  for  the  difference  in  spectrum.  In  the 
large  tube  the  discharge  seemed  more  noisy  and  disruptive,  just 
as  though  the  cathode  rays  discharged  from  the  walls  of  the 
smaller  tube  might  have  had  some  effect  in  facilitating  the  dis- 
charge. With  both  condenser  and  self-induction  the  large  tube 
fluoresced  very  strongly,  as  though  vigorous  actions  of  some 
sort  were  going  on  at  its  surface. 

All  of  these  facts  are  suggestive,  if  not  conclusive,  and  show 
that  the  effects  of  the  walls  of  vacuum  tubes  cannot  safely  be 
neglected  in  the  study  of  spectra. 

It  seems  possible  that  the  peculiar  effects  of  self-induction 
noted  by  Hemsalech  a  may  be  accounted  for  in  a  similar  way, 
not  as  a  result  of  modified  intensity  of  discharge  or  temperature, 

1  Wied.Ann.y   41,  473,  1890.  aG.  Hemsalkch,  Th?set  Paris,  1901. 
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but  as  dependent  upon  the  time  allowed  for  the  discharge  of 
negative  electricity.  Spottiswoode  and  Moulton  showed  that 
the  time  required  for  the  discharge  of  "molecular  streams"  from 
the  cathode  was  of  the  same  order  as  that  for  the  discharge  of 
negative  electricity.  If  these  molecular  streams  consist  of  the 
particles  which  splutter  from  the  cathode,  the  initial  spark  of  a 
rapid  oscillatory  discharge  must  pass  through  air  because  there 
has  been  no  time  for  sufficient  metal  to  pass  off ;  but  by  the  time 
the  second  oscillation  begins  some  metal  has  passed  off  and 
carries  the  discharge.  When  the  oscillations  are  made  slower 
by  self-induction,  there  will  be  enough  metal  present  from  the 
beginning  to  carry  the  discharge.  Why  the  self-induction  brings 
out  the  negative-pole  bands  of  air  with  some  metallic  electrodes 
is  not  so  clear;  but  perhaps  a  difference  in  the  time  of  discharge 
of  molecular  streams  with  different  metals  as  compared  with 
that  of  the  discharge  to  air  may  account  for  it. 

It  seems  likewise  possible  that  some  vacuum  tube  effects 
which  have  been  held  to  suggest  electrolysis  may  also  depend 
upon  the  relative  times  required  for  negative  electricity  to  dis- 
charge itself  into  different  gases  and  metallic  vapors.  The  spec- 
trum of  traces  of  hydrogen  and  of  metallic  vapors  in  vacuum  tubes 
may  appear  stronger  at  the  cathode  simply  because  the  discharge 
to  them  may  take  place  more  easily  and  more  rapidly  than  to 
the  gas,  so  that  they  can  act  as  stepping-stones  between  the 
cathode  and  the  latter.     At  the  anode  the  converse  may  be  true. 

It  seems  obvious  that  this  and  other  important  questions 
regarding  the  division  of  the  current  in  mixed  gases,  differences 
at  the  electrodes,  and  the  effect  of  different  forms  of  electric 
discharge  can  be  most  satisfactorily  dealt  with  by  photograph- 
ing the  spectrum  of  all  parts  of  the  tube  simultaneously.  An 
effort  will  be  made  to  carry  these  preliminary  results  farther 
with  improved  methods  which  will  allow  accurate  adjustment, 
greater  dispersion,  and  an  extension  of  the  observations  to  the 
ultra-violet. 

The  conclusions  suggested  by  this  preliminary  work  may  be 
summarized  as  follows  : 

I.  The  negative  pole  spectrum  of  nitrogen  is  due  to  cathode 
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rays.  The  intensity  of  the  negative  bands  with  simple  discharge 
is  dependent  solely  upon  distance  from  the  cathode,  and  is  inde- 
pendent of  changes  of  potential  gradient  in  the  tube. 

2.  The  positive  bands  are  present  in  the  spectrum  of  all  parts 
of  the  tube,  but  are  of  variable  intensity,  which  seems  to  depend 
in  large  part  upon  the  potential  gradient. 

3.  The  presence  of  the  negative  pole  bands  in  the  spectrum 
of  all  parts  of  a  tube  when  strong  discharges  are  used  is  due  to 
the  discharge  of  cathode  rays  from  the  walls  of  the  tube. 

4.  The  enhancement  of  the  negative  bands  by  self-induction 
is  due  to  the  slower  rate  of  oscillation,  permitting  a  more 
complete  discharge  of  negative  electricity,  which  requires  more 
time  than  the  positive. 

University  of  California, 
March  1,  1903. 


ON  A  NEW  RELATIONSHIP  BETWEEN  ARC  AND 
SPARK  SPECTRA.1 

By  J.    Hart mann. 

In  collaboration  with  Dr.  Eberhard2  I  recently  pointed  out 
that  in  the  spectrum  of  the  arc  under  water  the  lines  otherwise 
observed  only  in  the  spark  spectrum,  appear  in  the  case  of  dif- 
ferent metals  —  a  phenomenon  also  previously  noted  by  other 
observers  with  the  arc  burning  in  a  hydrogen  atmosphere.  I 
have  now  succeeded  in  finding  a  way  by  which  the  arc  spectrum 
can  be  transformed  into  the  spark  spectrum  in  atmospheric  air 
also,  hence  without  any  alteration  of  the  dielectric.  I  desire 
briefly  to  communicate  in  what  follows  these  experiments,  which 
give  us  a  new  insight  into  the  processes  involved  in  electric  dis- 
charges. 

My  experiments  were  at  first  concerned  with  the  spectrum  of 
magnesium,  which  is  of  such  great  importance  in  astrophysics. 
As  early  as  1888  Liveing  and  Dewar3  had  pointed  out  that  the 
line  at  X 448 1,  which  otherwise  occurs  only  in  the  spark  spec- 
trum, appears  also  in  the  arc  spectrum  if  this  is  made  to  pass 
between  two  magnesium  rods,  and  not  between  carbon  poles  into 
which  the  metal  was  introduced,  as  was  the  general  practice.  I 
had  photographed  the  spectrum  of  the  arc  between  metallic 
poles  several  times,  and  was  surprised  that  I  always  found  only 
faint  traces  of  the  line  X.4481,  while  this  had  been  obtained  on 
the  spectrograms  published  by  Crew4  in  1895,  taken  with  the 
"rotating  arc,"5  as  one  of  the  strongest  lines,  and  at  least  ten 
times  as  strong  as  the  neighboring  "  arc  line"  X.4352.      Basquin6 

1  Translated  from  advance  proofs,  furnished  by  the  author,  of  a  paper  to  appear 
in  the  Sitzungsbcrichte  tier  K.  Akad.  der  Wiss.  zu  Berlin. 

2  ASTROPHYSICAL  JOURNAL,  17,  229-23I,   I9OO.  3  Proc.   R.  S.t  44,  24I,   lSS8. 

4  Normal  Spectrum  of the  Magnesium  Arc.     Evanston,  1 895. 

5  Henry  Crkw  and  Rorkrt  Tatnall,  "On  a  New  Method  for  Mapping  the 
Spectra  of  Metals,"  Phil.  Mag.  (5),  38,  379,  1894. 

6 "The  Spectrum  of  Hydrogen  Given  by  the  Metallic  Arc  of  Tin,  Copper,  Silver,'* 

etc.,  ASTRMPHYSICAL  JOURNAL,  14,    1 3,    I9OI. 
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also  reached  the  conclusion  that  the  line  4481  appears  in  the 
rotating  arc,  but  not  in  the  arc  between  stationary  metallic  poles 
in  the  air. 

In  the  method  of  the  rotating  arc  employed  by  Crew,  numer- 
ous interruptions  of  the  current  occur,  and  we  might  suspect  that 
the  extra  currents  associated  with  the  formation  of  the  spark 
might  have  produced  a  spectrum  similar  to  that  of  the  spark, 
since  the  circuit  contained  coils  of  wire  when  the  direct  current 
from  the  dynamo  was  used.  To  exclude  this  possibility  I  have 
always  used  the  current  from  a  storage  battery  of  60  cells,  and 
have  avoided  all  coils  of  wire  in  the  circuit,  aside  from  a  few 
turns  of  a  resistance  coil  from  which  no  self-induction  could  be 
feared.  The  observations  described  below  were  made  on  photo- 
graphs taken  with  stellar  spectrograph  No.  I  of  the  Astrophysi- 
cal  Observatory. 

In  order  first  to  determine  whether  the  line  at  X4481  appears 
only  at  the  instant  of  lighting  or  extinguishing  the  arc,  or  whether 
it  appears  only  at  definite  positions  in  the  arc,  a  photograph  was 
made  of  the  spectrum  of  the  metallic  arc  when  burning  quietly, 
those  two  instants  being  excluded  while  the  images  of  the  elec- 
trodes were  projected  on  the  slit.  The  current  was  of  about  6 
amperes  at  a  voltage  of  120.  This  plate  shows  the  line  X4481 
to  be  actually  present  in  the  spectrum  of  the  quiet  metallic  arc, 
but  also  that  it  appears  principally  at  the  electrodes,  as  in  case 
of  the  spark  discharge,  while  it  is  hardly  visible  at  the  center  of 
the  arc  of  about  8  mm  length.  But  even  close  to  the  electrodes  the 
intensity  of  the  line  was  not  great,  certainly  very  much  less  than 
that  of  the  line  X4352.  If  we  denote  with  J  the  intensity  of  the 
spark  line\448i,  that  of  the  arc  line  X4352  on  the  same  plate 
being  taken  as  unity,  we  may  summarize  the  result  of  this  plate 
as  follows : 

METALLIC    ARC    IN    AIR    8  mm  LONG,  AT    120    VOLTS    AND    6    AMPERES. 

At  the  electrodes      -         -         -  -         -         /-  o.i 

At  the  center  of  the  arc    -  _/— o.oi 

This  experiment  would  therefore  be  insufficient  to  explain  the 
high  intensity  {J=  10)  of  the  line  on  Crew's  plate,  for  even  if 
it  were  desired  to  use   light   only  from  the  immediate  neighbor- 
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hood  of  the  electrodes,  the  line  at  X4481  would  still  appear 
decidedly  fainter  than  the  arc  line  X4352.  I  then  began  experi- 
ments with  different  current  strengths  at  a  constant  voltage  of 
120,  since  I  suspected  that  the  current  strength  might  have  an 
influence  on  the  intensity  of  individual  lines.  I  employed  incan- 
descent lamps  for  resistance  in  order  to  cut  down  the  current 
sufficiently  without  introducing  resistance  coils. 

Since  the  occurrence  of  the  line  in  the  quiet  metallic  arc  was 
proven  by  the  above-described  experiment,  I  no  longer  projected 
the  arc  upon  the  slit  and  no  longer  excluded  from  the  plate  the 
instant  of  starting  and  extinguishing  the  arc.  Hence  J  denotes 
the  intensity  of  the  line  in  the  total  light  radiated  by  the  arc. 
These  experiments  now  gave  the  quite  astonishing  result  that 
the  4481  line  becomes  the  stronger  as  the  current  strength  is 
lessened.      Repeated  photographs  gave  the  following  results: 

METALLIC    ARC    IN    AIR    AT    120    VOLTS. 

At  8  amperes /  =  0.03 

6        "  0.05 

3  0.5 

0.8     "                  ....  3 

0.4     " 10 

These  figures  clearly  show  how  the  intensity  of  the  spark  line 
relatively  to  the  arc  line  continuously  increases  with  decreasing 
current  strength;  and  indeed  so  regularly  that  it  would  be  easy, 
for  instance,  to  specify  the  current  strength  at  which  the  two 
lines  would  appear  of  equal  intensity;  this  would  occur  at  about 
2  amperes. 

In  view  of  the  result  of  these  experiments  it  would  be  diffi- 
cult to  maintain  the  assertion  that  the  line  X4481  is  an  evidence 
of  a  very  high  temperature  of  the  metallic  vapors,  for  the  devel- 
opment of  heat  is  certainly  not  greater  in  the  arc  at  0.4  amperes 
than  at  8  amperes  with  the  same  voltage.  With  the  latter  cur- 
rent strength  the  electrodes  were  so  greatly  heated  as  readily  to 
melt,  and  the  vaporization  of  the  metal  was  so  great  that  the 
poles  could  be  separated  bv  more  than  10 mm;  while  at  0.4 
amperes  the  electrodes  were  entirely  cool  and  the  arc  could  not 
be   lengthened   beyond  0.5  mm  at  most,  and  then  it  burned   for 
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hardly  more  than  a  second,  and  had  to  be  very  frequently  started 
up. 

It  might  now  perhaps  be  asserted  that  close  to  the  electrodes 
the  temperature  of  the  vapor  is  so  much  higher  than  at  other 
parts  of  the  arc  that,  as  a  direct  consequence  of  the  small  sepa- 
ration of  the  poles  required  by  the  low  current,  the  average  tem- 
perature of  the  whole  arc  was  higher  in  the  latter  case  than  if 
the  arc  had  a  stronger  current  and  greater  separation  of  the 
poles,  and  could  perhaps  cool  off  more  near  its  center.  But  were 
this  assumption  correct,  then  in  the  first-described  arrangement 
of  the  experiment  with  the  projection  of  the  portion  of  the  arc 
close  to  the  pole,  the  intensity  of  X4481  should  have  been  cor- 
respondingly high — in  fact,  much  higher  than  the  intensity  of 
the  arc  line  X4352.  This,  however,  was  not  most  remotely  the 
case,  since  the  intensity  in  that  case  also  was  only  0.1.  There 
remains,  therefore,  nothing  else  to  assume  than  that  the  condi- 
tions for  the  development  of  those  molecular  vibrations  to  which 
the  line  X4481  corresponds  were  much  more  favorable  in  the 
small  arc  in  spite  of  its  lower,  or  at  least  certainly  not  higher, 
temperature  than  in  the  larger  arc. 

It  cannot  at  present  yet  be  stated  with  certainty  what  con- 
stitutes these  "conditions,''  but  we  might  hope  to  find  an  expla- 
nation of  the  observed  phenomenon  in  the  following  two  facts. 
As  already  stated,  the  small  arc  went  out  very  frequently,  and 
had  to  be  started  several  hundred  times  during  the  exposure, 
which  lasted  for  about  half  an  hour  on  account  of  the  small 
brightness  of  the  point  of  light,  so  that  only  a  comparatively 
short  time  of  quiet  burning  followed  each  rekindling.  The 
observed  changes  of  intensity  could  be  reasonably  explained,  if 
we  assume  that  at  the  moment  of  kindling  or  of  extinction 
another  spectrum  occurred  in  which  the  line  \4481  was  strongly 
predominant.  The  correctness  of  this  explanation  could  be 
determined  by  successive  exposures  of  the  arc  with  a  rotating 
mirror  or  on  moving  films,  which  have  recently  been  carried  out 
in  a   very  complete   manner,  for  instance,  by  Crew  and  Baker.1 

x"On  the  Thermal  Development  of  the  Spark  Spectrum  of  Carbon,"  Asi  ko- 
physical  Journal,  16,  6i,  1902. 
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Should  the  explanation  prove  to  be  correct,  it  is  to  be  noted 
that  this  introductory  spark  should  by  no  means  be  confused 
with  the  commonly  observed  induction  spark ;  with  the  precau- 
tions that  I  have  described  it  can  possess  no  elevated  tension 
and  temperature.  We  should  rather  conclude  only  that  at  the 
moment  of  the  first  passage  of  the  electricity  from  one  electrode 
to  the  other  particles  of  metal  are  torn  off  which  even  at  low 
temperature  execute  vibrations  corresponding  to  the  line  X4481. 

The  second  fact  which  could  be  adduced  in  explaining 
the  phenomena  I  have  observed  would  make  the  line  X4481 
appear,  not  as  a  high-temperature  line,  but  even  as  one  of  low 
temperature,  if  such  a  designation  were  indeed  at  all  permissible. 
According  to  an  observation  by  Schenck,1  which  I  was  also  able 
to  confirm,  the  intensity  of  the  line  4481  decreases  in  the  spark 
spectrum  if  the  electrodes  are  heated  to  the  point  of  melting,  so 
that  the  resistance  in  the  spark  gap  is  diminished  by  the  active 
vaporization  of  the  metal.  I  found  further  in  another  experi- 
ment that  the  intensity  of  this  line  decreases  if  the  resistance  in 
the  dielectric  is  reduced  by  exhaustion.  If  we  transfer  this  to 
the  arc  spectrum,  we  shall  obtain  a  very  good  explanation  of 
the  phenomena  in  question.  We  may  assume,  according  to 
Schenck's  investigations,  that  the  line  X4481  results  from  the 
vibrations  of  particles  highly  charged  with  electricity,  and  there- 
fore it  can  appear  only  of  reduced  intensity,  if  at  all,  if  such  a 
charge  is  in  any  way  prevented.  Now,  as  soon  as  the  electrodes 
are  heated  by  the  stronger  current  there  occurs  a  vigorous 
vaporizing  of  the  metal,  the  conductivity  in  the  arc  becomes 
greater,  and  the  separate  particles  take  on  only  very  slight 
charges,  so  that  the  vibrations  corresponding  to  the  line  X4481 
must  always  become  weaker  with  increasing  current  strength. 

As  I  have  already  remarked,  the  magnesium  electrodes  very 
soon  melted  when  only  moderate  currents  were  used,  and  thus 
they  immediately  set  a  limit  to  further  heating  and  vaporization. 
When  using  metallic  electrodes  the  experimenter  is  therefore 
compelled   by  the   purely  incidental  process  of  melting  to  main- 

1 "  Some   Properties  of  the    Electric  Spark   and   its  Spectrum,"  AsTROPHYSiCAL 

JtH'RNAI.,   14,   Il6,   IQOI. 
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tain  the  poles  in  a  cool  condition  in  some  way,  whether  by  arti- 
ficial cooling,  by  the  employment  of  a  very  small  current, 
by  the  frequent  interruption  of  the  current,  or  by  the  con- 
tinual introduction  of  new  and  cold  parts  of  the  metal  into 
the  arc.  Crew  employed  the  latter  process  in  his  rotating 
arc,  and  in  consequence  obtained  so  powerful  a  4481  line,  as 
above  stated.  The  vaporization  was  similarly  very  slight  in  the 
small  arc  with  0.4  amperes,  and  the  line  accordingly  was  very 
strong,  becoming  more  and  more  faint  with  the  increasing 
vaporization  of  the  electrodes. 

The  absence  of  this  line  from  the  carbon  arc  can  be  very  sim- 
ply explained  in  this  way.  If  magnesium  is  introduced  into  the 
arc  burning  between  carbon  poles,  the  above  mentioned  limit  is 
no  longer  set  for  the  greater  heating  and  vaporization  of  the 
metal,  and  the  arc  becomes  a  very  good  conductor,  as  might 
already  be  inferred  from  its  greater  length,  whereby,  in  accord- 
ance with  what  has  been  said,  the  disappearance  of  the  arc  line 
is  occasioned. 

The  ingenious  experiments  of  Basquin1  who  simultaneously 
caused  the  arc  and  the  spark  to  pass  between  the  same  elec- 
trodes, are  also  in  full  agreement  with  the  view  here  developed. 
When  a  second  spark  gap  was  introduced  into  the  circuit  of 
the  spark  discharge,  there  appeared  in  the  arc  simultaneously 
the  arc  and  the  spark  lines.  If,  however,  the  second  spark  gap 
was  made  very  short,  the  spark  lines  disappeared  completely  in 
the  arc,  although  the  spark  discharges  passed  through  the  arc  as 
before.  If  the  arc  current  was  now  interrupted,  there  was  a 
duration  of  about  a  second  before  the  spark  began  to  pass  in  the 
ordinary  noisy  manner,  and  then  the  spark  spectrum  also  first 
appeared.  This  experiment  proved,  first,  that  in  the  condition 
of  the  vapors  prevailing  in  the  electric  arc  those  molecular  vibra- 
tions are  also  possible  to  which  the  spark  lines  correspond  ;  and 
second,  that  these  vapors,  even  up  to  a  second  after  the  extinc- 
tion of  the  arc,  conduct  so  well  that  a  high-tension  current  can 
pass  between  the  electrodes  without  forming  sparks,  therefore 
without  producing  the  spark  lines. 

■  Loc.  cit.,  p.  15. 
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I  would  also  revert  here  to  the  experiments  which  I  made, 
in  common  with  Dr.  Eberhard,1  using  zinc  electrodes.  We 
succeeded,  in  the  first  place,  in  showing  that  the  spark  spec- 
trum of  this  metal  approaches  the  arc  spectrum  on  artificial 
heating  and  vaporization  of  the  zinc  electrodes,  in  a  manner  anal- 
ogous to  the  process  observed  by  Schenck.  But  per  contra,  we 
did  not  succeed  at  that  time  with  the  reverse  experiment, 
namely,  of  transforming  the  arc  spectrum  into  the  spark  spec- 
trum by  cooling  the  electrodes  with  liquid  air.  This  failure  may, 
however,  be  simply  explained  if  a  very  high  temperature  still 
prevails  at  the  points  of  the  greatly  cooled  electrodes ;  we  might 
infer  that  this  was  the  case  from  the  fact  that  the  arc  could  be 
drawn  out  to  a  length  of  several  millimeters  without  going  out. 
It  is  possible  that  a  photograph  would  have  shown  a  slight  altera- 
tion in  the  relative  intensity  of  the  arc  and  spark  lines,  but  on 
account  of  its  difficulty  this  experiment  was  not  made.  But  we 
did  succeed  in  obtaining  very  distinctly  the  two  zinc  spark 
lines  at  X 49 1 2  and  A.4925  on  reducing  the  current  to  0.5  amperes 
and  by  using  very  large  poles  which  conducted  the  heat  well, 
although  we  had  found  hardly  a  trace  of  these  lines  in  the  arc 
with  a  current  of  about  6  amperes. 

I  have  obtained  a  further  confirmation  of  my  observation  on 
magnesium  in  the  spectrum  of  bismuth.  The  very  strong  spark 
line  at  A.4260,  which  does  not  appear  in  the  carbon  arc,  appears  in 
the  arc  between  metallic  poles  only  slightly  fainter  than  the 
neighboring  arc  lines  at  A.4254  with  6  amperes  current;  but 
at  0.3  amperes  it  still  appears  very  distinctly,  while  the  arc 
line  has  wholly  disappeared. 

With  lead  electrodes  in  the  arc  I  succeeded  even  at  6  amperes 
in  obtaining  the  two  principal  spark  lines,  at  A. 4245  and  X4387, 
although  they  do  not  appear  at  all  in  the  carbon  arc.  In  order 
to  test  still  further  whether  the  small  amount  of  vapor  between 
the  electrodes  is  in  fact  a  sufficient  cause  for  the  appearance  of 
spark  lines  in  the  arc,  I  made  the  experiment  with  this  metal  in 
such  a  manner  that  the  one  electrode  consisted  of  melted  lead, 
heated    to    active    incandescence  and    vaporization.     When    the 

1  Loc.  cit.s  p.  41. 
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same  current  of  six  amperes  was  passed  across  from  this  vapori- 
zing mass  of  metal  to  a  cold  lead  pole  there  no  longer  appeared 
any  trace  of  the  two  spark  lines  in  the  arc  spectrum.  This 
observation  accordingly  also  furnished  a  proof  of  the  correctness 
of  the  view  expressed  above. 

Since  we  might  be  inclined  to  assume  that  a  high  voltage  is 
necessary  for  the  production  of  the  vibrations  corresponding  to 
the  spark  lines,  which  is  indeed  always  present  in  the  ordinary 
spark  discharges,  I  made  the  further  attempt  of  also  bringing  out 
the  spark  lines,  which  are  under  ordinary  conditions  lacking  in 
the  arc,  merely  by  diminishing  the  tension  while  the  current 
strength  remained  constant.  This  experiment  was  also  com- 
pletely successful.  For  this  I  again  used  magnesium  poles,  and 
employed  the  current  of  20  volts  and  4  amperes  from  ten  stor- 
age cells.  The  development  of  heat  was  so  slight  that  there 
was  no  longer  any  appreciable  vaporization  of  the  metal,  whence 
the  formation  of  an  actual  arc  was  excluded.  The  very  small 
introductory  spark,  certainly  hardly  0.1  mm  long,  which  appeared 
every  time  the  poles  were  separated  from  electrical  contact, 
showed  the  line  4481  decidedly  stronger  than  did  the  longer  arc, 
in  spite  of  the  fact  that  it  surely  had  no  higher  temperature 
than  the  arc  with  equal  current  strength  and  sixfold  greater 
voltage.     My  photograph  gave 

at  20  volts  and  4  amperes         -         -         -         J  =  1  o 
while  from  the  figures  above  we  get 

at  120  volts  and  4.  amperes       -         -         -         J  =  0.3 
Although  the  consumption  of  energy  is  in  this  case  reduced 
to  one-sixth,  the  relative  intensity  of  the  spark  line  nevertheless 
has  risen  about  thirtyfold. 

All  of  my  observations  which  I  have  here  described,  as  well 
as  the  results  of  numerous  other  observers,  of  which  I  have 
mentioned  only  a  few  above,  indicate  that  the  spark  lines  do 
not  correspond  to  a  thermal  radiation  but  rather  to  electro- 
luminescence. This  idea  is  not  new,  but  was  expressed  in  the 
following  very  precise  manner  in  1888  by  Liveing  and  Dewar,1 
when  they  discovered  the  occurrence   of  the  X4481  line   in  the 

lProe.  R.  S.,  44,  241-242,   1888. 
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arc  spectrum:  "The  observations,  however,  render  doubtful 
the  correctness  of  the  received  opinion  that  the  temperature  of 
the  spark  discharge  is  much  higher  than  that  of  the  arc.  Heat, 
however,  is  not  the  only  form  of  energy  which  may  give  rise  to 
vibrations,  and  it  is  probable  that  the  energy  of  the  electric 
discharge  as  well  as  that  due  to  chemical  change,  may  directly 
impart  to  the  matter  affected  vibrations  which  are  more  intense 
than  the  temperature  alone  would  produce. M 

This  clearly  expressed  view  unfortunately  received  too  lit- 
tle attention  at  the  time,  and  in  later  years  hypotheses  have 
been  founded  on  the  wholly  unproven  assumption,  rendered 
dubious  by  the  above  remark  by  Liveing  and  Dewar,  that  the 
spectrum  of  an  incandescent  gas  is  a  function  of  only  the  one 
variable,  "temperature,"  which  hypotheses  should  render  pos- 
sible a  direct  conclusion  as  to  the  temperature  of  the  luminous 
gas  from  the  occurrence  of  individual  lines.  This  would  have 
been  not  without  significance,  especially  for  astrophysical 
research,  although  there  exist  other  methods,  free  from  objec- 
tion, for  determining  the  temperature  of  celestial  bodies ;  but, 
as  I  have  shown,  such  a  conclusion  is  not  permissible,  at  least  in 
so  far  as  the  magnesium  lines  A. 4481  and  X4352  are  in  question, 
since  so  far  a  proof  is  entirely  lacking  that  the  line  X4481 
always  corresponds  to  a  higher  temperature  than  the  line  A. 4352. 
We  should  be  inclined  from  my  experiments  described  above  to 
reach  the  contrary  conclusion,  but  such  a  conclusion  is  also 
unpermissible,  since,  as  is  confirmed  by  all  previous  observations, 
the  production  of  the  spark  lines  probably  is  not  related  to  the 
temperature.  I  do  not  regard  it  to  be  impossible  that  those 
molecular  vibrations  which  cause  the  occurrence  of  the  spark 
lines,  whose  excitation  has  hitherto  been  solely  possible  by  the 
use  of  electric  discharges,  may  occur  exclusively  by  the  introduc- 
tion of  energy  in  the  form  of  heat;  but  for  the  correctness  of 
any  such  assumption  no  laboratory  demonstration  can  yet  be 
adduced. 

In  view  of  what  has  been  said,  it  may  well  be  difficult  further 
to    maintain    the    hypothesis    advanced   by    Scheiner1    in    1894. 

r "  Die  Temperatur  an  der  Oberfliiche  der  Fixsterne  und  der  Sonne,  verglichen 
mit  dcrjeniijen  irdischer  Warmequelleiv'  Sitzungsberichte  der  k.  Akad.  der  IViss.  zu 
Berlin,  1S94.  P-  257. 
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Inasmuch  as  the  line  X4481  appears  very  strong  in  the  spectra 
of  numerous  stars  belonging  to  Vogel's  first  type,  while  X4352  is 
very  faint  or  not  present,  Scheiner  reached  the  conclusion  that 
on  these  stars  the  temperature  of  the  absorbing  layer  was 
approximately  that  of  the  electric  spark,  while  the  temperature 
of  the  stars  of  the  second  and  third  type,  in  whose  spectrum 
the  line  X4352  more  strongly  occurs,  the  temperature  approxi- 
mated more  closely  that  of  the  arc.  The  above  demonstration 
that  the  intensity  ratio  of  the  two  lines  denoted  by  J  by  no 
means  increases  with  rising  temperature,  indeed  probably  stands 
in  no  direct  relation  to  the  temperature,  causes  these  conclusions 
to  lose  their  foundation  as  well  as  their  force. 

But  there  is  still  a  further  circumstance  to  be  considered.  As 
has  been  shown  by  the  observations  of  Crew,1  Basquin,2  and 
Porter,3  as  well  as  by  the  above-mentioned  investigation  by 
Eberhard  and  myself,  the  dielectric  has  a  great  influence  on  the 
spectrum  of  electrical  discharges.  Now  since  all  stars  of  the  first 
spectral  type  are  characterized  by  a  great  preponderance  of 
hydrogen  in  their  atmospheres,  it  would  seem  that  only  observa- 
tions which  have  been  made  in  an  atmosphere  of  hydrogen 
should  be  adduced  in  interpreting  the  spectra  of  those  stars.  It 
was  already  known  from  the  publications  of  the  first-named 
observers  that  the  hydrogen  atmosphere  so  favored  the  appear- 
ance of  the  line  4481  that  it  also  came  out  very  strong  in  the 
arc,  and  I  therefore  suspected  that  my  experiments  in  a  hydro- 
gen atmosphere  discussed  above  would  furnish  still  larger  values 
of  J.  This  expectation  was  most  fully  confirmed,  for  a  photo- 
graph of  the  arc  burning  in  a  hydrogen  atmosphere  at  120  volts 
and  0.3  amperes  showed  no  trace  of  the  arc  line,  while  the  line 
4481  came  out  perfectly  sharp  and  as  the  strongest  line  of  the 
whole  spectrum;  in  addition  to  this  line  the  spectrum  further 
contained   only  the  three  lines  X3830,  A.3832,  and  A.3838,  and 

x"On  the  Arc  Spectra  of  Some  Metals,  as  Influenced  by  an  Atmosphere  of 
Hydrogen,"  Astrophysical  Journal,  12,  167,  1900. 

*  Loc.  cit.,  p.  1. 

3 "The  Influence  of  Atmospheres  of  Nitrogen  and  Hydrogen  on  the  Arc  Spectra  of 
Iron,  Zinc,  Magnesium,  and  Tin,  Compared  with  the  Influence  of  an  Atmosphere  of 
Ammonia,"  Astrophysical  Journal,  15,  274,  1902. 
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very  faintly  the  b  group.  Accordingly  the  strength  of  the  4481 
line  and  the  absence  of  the  arc  lines  of  magnesium  in  stellar 
spectra  of  the  first  type  can  no  longer  be  regarded  as  striking. 
It  would  seem  to  be  more  important  to  give  some  attention  to 
the  occurrence  of  the  two  above-mentioned  magnesium  triplets. 
These  are  the  most  permanent  lines  in  the  portion  of  spectrum 
I  have  investigated,  occurring  with  every  form  of  luminosity, 
even  in  the  spectrum  of  burning  magnesium,  and  we  may  well 
assume  that  the  corresponding  molecular  vibrations  are  of  a 
purely  thermal  origin.  Nevertheless,  they  do  not  occur  in  many 
star  spectra  which  contain  a  strong  4481  line,  as  Keeler1  has 
already  remarked  of  the  b  group. 

The  last-mentioned  spectrum  photograph  shows  a  further 
peculiar  appearance  which  I  should  not  leave  unmentioned. 
While  those  two  triplets  and  the  line  4481  are  all  that  remain  of 
the  whole  magnesium  spectrum,  there  further  appear  on  the  plate 
as  impurities  of  the  metal,  the  three  calcium  lines  X3934,  X3969, 
and  A.4227,  as  well  as  the  lead  line  X4058 — all  of  them  lines 
which,  like  the  triplets,  are  easily  reversible  and  make  their 
appearance  at  low  temperatures.  Just  as  the  method  of  oscillat- 
ing discharges  first  employed  by  Schuster  and  Hemsalech,  which 
permits  a  gradual  transition  from  the  spark  spectrum  to  the  arc 
spectrum,  so  also  the  method  of  the  "small  arc"  described 
here,  which  represents  the  inverse  transition  from  the  arc  to  the 
spark  spectrum,  should  be  suitable  for  furthering  the  discovery 
of  related  groups  of  spectral  lines,  and  hence  for  the  study  of 
the  processes  of  luminosity. 

AsTROniYsiCAL  Ohskrvaiory, 
Potsdam,  February  20,  1903. 

'"The  Magnesium  Spectrum  as  an  Index  to  the  Temperature  of  the  Stars." 
Astronomy  and  Astro- Physics,  13,  060,  1 894. 


DISCUSSION  OF  A  QUESTIONABLE  TYPE  OF 
TEMPORARY  STARS. 

By  J.  G.  Hagen,   S.  J. 

It  is  understood  that  by  a  "temporary  star'1  is  meant  a  star 
which  has  been  seen  to  vary  in  brightness  a  single  time,  although 
this  variation  may  have  extended  over  months  or  years,  and  may 
have  been  composed  of  fluctuations  of  various  amplitudes.  If 
two  or  more  variations  of  this  kind  have  been  observed,  the  star 
is  usually  called  a  periodic  variable,  regular  or  irregular. 

When  the  outburst  of  a  temporary  star  was  so  short  in  dura- 
tion that  it  was  seen  by  one  observer  only,  without  independent 
confirmation  by  another,  the  record  has  generally  been  received 
with  suspicion  and  accepted  with  explicit  reserve.  This  is  the 
case  with  two  stars  that  have  found  a  place  in  the  catalogues 
of  variable  stars.  There  are  three  more  instances  of  an  earlier 
date,  one  of  which  has  never  been  published.  A  simultaneous 
inspection  of  these  five  cases  and  of  the  authorities  on  which 
they  rest  will  probably  remove  all  reasonable  doubt  as  to  the 
existence  of  short  variations  of  this  kind.  The  astrographic 
charts,  which  give  three  successive  exposures  to  the  stars,  may 
reveal  some  more  variations  of  this  character  by  abnormal  inten- 
sities in  the  points  of  the  small  stellar  triangles. 

The  five  temporary  variations  of  short  duration  will  be 
related  in  the  inverse  order  of  time,  beginning  with  the  most 
recent.     They  can  very  conveniently  be  put  in  three  groups. 

1.       TWO    KNOWN     TEMPORARY    STARS    OF    SHORT    VARIATION. 

I.  The  star  U  Scorpii  is  No.  73  in  Sclionfcld  I,  No.  87  in  Sch. 
II,  and  No.  5860  in  Cha?idler  I-II.  When  Pogson  observed  its 
variation  in  1863,  he  was  government  astronomer  in  Madras, 
and  had  a  ten  years'  experience  on  variable  star  work.  He  saw 
the  star  decrease  from  9th  mag.  to  invisibility  in  twelve  days. 
The  star  has  never  been  recognized  by  anyone  else,  but  is  called 
by  Pogson  a  well-assured,  rapidly  changing  star.     The  chance  for 
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a  second  observer  to  see  the  variation  was  probably  confined 
to  one  or  two  days.  When  the  star  was  below  mag.  10  it 
would  have  been  very  difficult  to  identify  it  without  a  chart. 

2.  The  other  star  is  T Bootis,  No.  58  in  Sch.  I,  No.  70  in  Sch. 
II,  and  No.  5097  in  Ch.  It  is  almost  of  exactly  the  same  char- 
acter as  the  former,  and  was  observed  in  England  only  three 
years  previously,  in  i860,  by  Pogson's  brother-in-law,  J.  Baxen- 
dell.  On  April  9  it  was  of  magnitude 9^,  on  April  1 1  of  mag.  10, 
on  April  20  of  mag.  12.8,  and  on  April  23  it  was  invisible  (in 
Baxendell's  own  scale).  The  variation  was  observed  during 
twelve  days,  but  the  chance  for  independent  confirmation  could 
hardly  have  extended  over  more  than  two  days. 

II.       TWO    INSTANTANEOUS     VARIATIONS    OF     LIGHT. 

1.  An  instantaneous  fluctuation  of  light  was  observed  by  Pog- 
son  in  the  star  U  Gemirwrum  on  March  26,  1856,  while  he  was 
preparing  a  chart  for  this  variable.  Pogson  was  then  assistant 
astronomer  at  the  Radcliffe  Observatory  in  Oxford,  where  he 
had  commenced  working  on  his  intended  atlas  of  variable  stars 
three  years  previously.  His  observation  has  lately  been  pub- 
lished in  the  Astronomical  Journal  (22,  127,  1902),  from  which  we 
quote  what  is  essential :  "The  variable  subject  to  strange  fluc- 
tuations at  intervals  of  6  to  15  seconds when  the  adja- 
cent stars  were  quite  steady.     At  times  it  surpassed  the  star  8.9, 

at  others  it  quite  vanished Watched  it  for  half  an  hour, 

with  powers  54,  65  and  95  on  the  equatorial. "  The  comparison 
star  8.9  is  probably  No.  5  in  the  Atlas  Stellarum  Variabilium 
(Series  II,  2815).  The  range  of  these  fluctuations  seem  to  have 
been  the  same  as  that  of  the  periodic  changes  of  this  variable. 

2.  A  similar  fluctuation  of  light  was  observed  by  Heis  in  the 
star  ? Lyrae  on  September  26,  1850.  Heis  observed  the  variable 
star  ft  Lyrae  from  184 1  to  1868,  and  used  as  comparison  stars, 
among  others,  €  and  £  Lyrae.  Each  of  these  has  the  magnitude 
4^,  but  appears  double  to  the  naked  eye  on  very  clear  nights. 
Heis  found  the  relative  brightness  of  these  two  comparison  stars 
slightly  changeable.  On  the  date  mentioned  the  observing  book 
(which  will  soon  appear  in  print)  has  the  following  note  :  f  Lyrae 
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became  for  a  moment  very  briglit,  and  then  again  faint"  ("  %Lyrae 
wurde  einen  Moment  sehr  hell  und  hierauf  wieder  dunkel1'). 

The  star  probably  did  not  reach  the  brightness  of  the  neigh- 
boring first-magnitude  star  aLyrae,  else  Heis  would  hardly  have 
omitted  the  comparison.  The  time  of  the  fluctuation  must  have 
been  too  short  to  be  measured,  because  Heis  was  in  the  habit 
of  recording  the  time  in  whatever  he  observed. 

The  short  note  deserves  the  more  confidence,  as  Heis  had 
been  familiar  with  this  comparison  star  for  nine  years  ;  further, 
as  his  eyes  saw  the  stars  as  distinct  points  without  false  rays 
(see  E.  Heis,  De  Magnitudine  relativa,  etc.  Monasterii,  1852, 
page  4),  and  finally  as  his  observations  of  variable  stars  show  a 
rare  precision  in  estimating  steps. 

III.       AN  OLD  OBSERVATION   OF    CHRISTOPH    SCHEINEK,  S.J.,  IN    l6l2. 

This  observation  is  described  by  Scheiner  in  his  second  letter 

to  Welser,  dated  April  14,  1612,  and  printed  in  his  book:     De 

Maculis  solaribus,  etc.     Augustae  Vindelicorum,  1612.     As  this 

book  is  rare,  Winnecke  republished  the  Latin  text  in  the  V.JS. 

(13,  283-288,  1878). 

1.  What  Scheiner  observed  may  be  summarized  as  follows: 
He  gives  nine  drawings  of  the  field  of  view  in  his  telescope, 
which  he  calls  the  best  he  ever  saw  for  observing  Jupiter's  satel- 
lites. They  were  made  when  the  sky  was  very  clear  and  without 
moonlight.  They  give  the  relative  positions  of  the  planet/ar/ikr 
and  its  satellites,  on  March  29,  30,  31;  April  i,  3,  5,  6,  7,  8. 
In  the  same  field  a  star  denoted  by  the  letter  E  is  drawn,  about 
6'  south  of  the  planet.  Scheiner's  argument  that  this  star  had 
a  motion  of  its  own  is  evidently  not  conclusive.  It  is  based  on 
eye-estimates  only  of  its  motion  relative  to  the  planet,  which 
became  stationary  a  few  days  later,  about  April  10.  Scheiner 
was  prejudiced  on  this  point  by  the  hope  of  discovering  a  fifth 
satellite  of  Jupiter. 

What  he  says  about  the  light  of  this  star  is  of  more  impor- 
tance. The  first  drawing,  on  March  29,  shows  nothing  of  the 
star  in  question.  On  March  30  Scheiner  saw  it  for  the  first  time 
{primus  illius  contuitus  mihi  obtigit),  and,  as  is  usual  with  tempo- 
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rary  stars,  at  once  very  bright  and  large  (lucenJissimam  et 
maximum),  like  any  of  Jupiter's  satellites  {quanta  ....  hac- 
tenus  quaevis  conspecta  est  stella  Jovialis)y  and,  as  he  adds  a 
little  later,  much  brighter  and  larger  than  the  fainter  satellites, 
which  he  describes  as  much  inferior  in  light  and  size  (lucis  et 
corporis  multo  quam  potiebatur  stella  E  minoris) .  During  the  fol- 
lowing days  it  fell  below  the  fainter  satellites,  until,  on  April  8, 
it  was  seen  with  great  difficulty  (agerrime)  in  a  very  clear  sky. 
After  that  date  it  was  never  seen  again,  although  carefully 
looked  for  under  favorable  conditions.  Scheiner  had  several 
smaller  telescopes  with  which  the  star  was  seen  at  its  greatest 
brilliancy.      He  also  showed  the  star  to  his  friends. 

2.  The  identification  of  this  star  was  made  by  Winnecke.1 
With  the  help  of  Kustner  he  found  from  Leverrier's  tables  of  the 
Sun  and  Jupiter  that  the  position  of  Scheiner's  star  was  identical 
with  the  place  of  B.D.-\-  I5?2083,  8^5,  within  the  residuals  o5, 
1  .'4.  This  star  is  not  a  periodic  variable.  It  has  been  constantly 
recorded  as  of  magnitude  7-8  or  8  or  8.5,  by  Lalande  (1796), 
Weisse  (1825),  Struve  (1826),  Preuss  (1833),  in  the  B.D.  and 
the  H.P.  Winnecke  himself  watched  it  for  seventeen  years. 
Among  the  thirteen  observations  in  the  H.P.  (Vol.  24,  page  220) 
there  is  one  large  residual  from  the  mean  magnitude  8.0, 
amounting  to  +2.4,  which  would  make  the  star  10T4;  yet  the 
series  991,  in  which  this  residual  occurs,  has  the  accompanying 
remark:  "thin  clouds  noticed  in  various  parts  of  the  sky" 
Vol.  23,  Part  I,  page  39).  Clouds  will  explain  any  positive 
residual,  and  also  any  negative  residual,  if  the  pole  star,  which 
served  as  comparison  star  for  the  meridian  photometer,  was 
covered  by  them. 

3.  For  the  range  of  the  light  variations  we  can  deduce  from 
Scheiner's  description  an  approximate  upper  limit.  The  litera- 
ture on  the  photometry  of  Jupiter  s  satellites  is  put  together  in 
Dr.  Midler's  Photomctrie  der  Gestirne,  pp.   385-393.     The  mean 

1  Winnecke  makes  no  reference  to  the  possibility  that  Scheiner's  star  might  have 
been  a  planet,  stationary  near  Jupiter.  Uranus  and  Vesta  reach  the  brightness  of 
Jupiter's  satellites,  but  would  hardly  show  variations  as  those  described.  We  leave  this 
question  open  and  base  our  further  discussion  on  Winnecke's  opinion  that  the  star  in 

question  was  a  fixed  star. 
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results  of  EngelmanrTs,  Pickering's,  and  Spitta's  photometric 
measures  for  the  faintest  and  brightest  satellites  are  the  following : 
satellite  IV:  6™5,  and  satellite  III:  5*5,  the  other  two  ranging 
between.  These  figures  hold  for  "mean  opposition,"  i.  e.f  for 
the  opposition  of  Earth  and  Jupiter  at  their  mean  distances,  and 
for  the  mean  albedo  or  reflecting  power  of  the  satellites.  The 
reduction  to  quadrature,  at  which  Scheiner  observed,  would 
diminish  these  magnitudes  only  0°l  or  0^2,  as  may  be  concluded 
from  Engelmann's  reductions  of  Dr.  Auwers*  visual  observations 
{Helligkeitsvertidltnisse  der  Jupiter straba?iteny  Leipzig,  1 871,  page 
67),  while  the  varying  albedo  may  change  these  figures  by  zb  o?5 
(Engelmann,  loc.  cit.%  page  69). 

If  we  now  remember  that  Scheiner  calls  his  star  E  as  bright 
as  any  satellite,  and  much  brighter  than  the  fainter  satellites,  we 
are  safe  in  saying  that  his  star  had  reached  the  sixth  magnitude. 
In  ten  days  it  faded  away  to  invisibility.  This  limit,  in  a  tele- 
scope which  was  considered  good  and  showed  the  fainter  satel- 
lites well,  should  be  at  least  as  low  as  eighth  magnitude,  the 
normal  brightness  of  star  E.  What  the  lower  limit  of  the 
fluctuation  actually  was  cannot  be  gathered  from  the  data  on 
hand. 

Winnecke  was  familiar  with  Scheiner's  writings  and  judges 
him  as  "thoroughly  trustworthy  in  communicating  what  he  had 
seen." 

In  conclusion  these  five  instances  seem  to  show  that  short 
variations  in  the  light  of  stars,  although  noticed  by  only  one 
observer,  cannot  be  rejected  when  assured  by  good  authority. 
Should  Heis'  remark  on  £  Lyrae  be  considered  too  short  or  too 
casual  to  inspire  full  confidence,  it  seems  that  Scheiner's  star  in 
the  constellation  Leo  has  as  much  claim  for  enlistment  among 
the  temporary  stars  as  U Scorpii  and  T Bootis.  The  star  U  Genri- 
norum  will  always  remain  among  the  periodic  stars,  but  its  extraor- 
dinary fluctuation  in  1856  should  be  borne  in  mind. 

Georgetown  College  Observatory, 
February  1903. 


ON  THE  EFFECT  OF  CIRCUIT  CONDITIONS  UPON 

THE  WAVE-LENGTHS  OF  SPARK  LINES. 

By  Norton   A.   Kent. 

In  the  summer  of  190 1  Professor  Charles  E.  St.  John,  of 
Oberlin  college,  and  the  writer  of  this  article,  at  the  suggestion 
of  Professor  Hale,  undertook  to  verify  certain  results  obtained 
by  Haschek1  in  regard  to  the  relative  position  of  the  arc  and 
spark  lines  of  titanium. 

Haschek  had  found  that  in  some  cases  the  displacement  of 
spark  lines  toward  the  red  from  the  position  of  the  correspond- 
ing arc  lines  exceeded  0.1  tenth-meter,  e.g.,  0.13  for  Ti\  3900.68. 
These  were  unusually  large  displacements. 

After  continuing  the  investigation  alone  for  a  short  time2  the 
writer  was  obliged  to  defer  its  completion  to  take  part  in  a  more 
important  study  (that  of  the  spectrum  of  the  electric  discharge 
under  liquids),  and  only  recently  has  it  been  possible  to  return 
to  the  former  subject. 

APPARATUS    USED. 

The  apparatus  used  was,  in  its  general  features,  the  same  as 
that  employed  in  the  investigation  of  the  spectrum  of  the  elec- 
tric discharge  in  liquids,  and  a  description  of  the  same  will 
appear  in  the  Publications  of  the  Yerkes  Observatory  soon  to  be 
issued.      For  the  present  purpose  a  brief  description  will  suffice. 

A  5-horse-power  motor  drove  a  3.3  kilowatt  alternator  (125 
cycles  per  second,  potential  110  volts,  current  30  amperes), 
which  fed  a  1  kilowatt  Lakon  transformer.  An  adjustable  con- 
denser gave  a  capacity  of  from  0.0066  to  0.0560  microfarads. 
The  arc  and  spark  apparatus  were  set  upon  the  circumference  of 
a  circle  at  the  center  of  which  was  a  plane  silver-on-glass  mirror, 
capable  of  being  rotated  about  a  vertical  axis.  The  light  could 
then   be   thrown    from    either   piece   of   apparatus  to  a  concave 

1  ASTROPHYSICAL   JOURNAL,    14,    l8l,  I9OI. 
a  Ibid.y    14,    201,    1 90 1. 
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mirror  fitted  with  slow-motion  screws  which  gave  motions  about 
horizontal  and  vertical  diameters.  From  this  latter  mirror  the 
light  passed  to  the  slit  of  the  spectroscope — Rowland  mount: 
radius  of  curvature  of  grating  10  feet;  15,000  lines  per  inch. 
The  first  spectrum  alone  was  used;  the  dispersion  was  5.63  t.  m. 
per  mm.  The  arc  (direct  current)  was  so  arranged  that  after 
contact  the  carbons  could  be  moved  apart  to  a  stop ;  this  gave 
an  arc  of  constant  length.  A  current  of  18  amperes  was  used 
in  all  cases.  Before  every  exposure  a  small  piece  of  metal,  sev- 
eral milligrams  in  weight,  was  placed  in  a  shallow  hole  in  the 
lower  carbon  which  formed  the  positive  pole  of  the  arc.  These 
precautions  were  taken  to  avoid  any  possible  change  in  the  posi- 
tion or  intensity  of  the  standard  lines  of  the  comparison  spec- 
trum. Suitable  shutters  made  possible  the  method  of  double 
exposure  of  the  comparison  spectrum.  The  arc  was  exposed 
for  y2  second ;  then  the  spark  for  various  lengths  of  time ;  then 
the  arc  again  for  y2  second,  this  third  exposure  being  superim- 
posed upon  the  first. 

It  will  be  noticed  that  the  mirror  method  —  suggested  by  Pro- 
fessor Hale — furnishes  an  easy  means  of  avoiding  the  possi- 
bility of  any  false  shifts  due  to  unequal  illumination  of  the  grating. 
The  short  time  of  exposure  employed  for  the  arc  might  introduce 
such  shifts  unless  all  parts  of  the  beam  were  exposed  an  equal 
time.  For  this  reason,  and  also  to  facilitate  obtaining  arc  spec- 
tra of  the  same  intensity  upon  every  plate,  the  following  arrange- 
ment was  used :  a  camera  shutter,  set  less  than  an  inch  in  front 
of  the  slit  and  operated  pneumatically  by  a  long  tube  and  bulb, 
was  fitted  with  a  horizontal  rectangular  window.  This  window 
was  so  arranged  that  when  the  shutter  was  set  the  slit  of  the 
spectroscope  was  covered.  When  the  bulb  was  pressed  the  beam 
was  disengaged  from  the  left  side,  and  subsequently  covered 
from  the  left  side.  Then  the  shutter  automatically  returned  to 
its  former  position,  repeating  the  above  process  in  the  reverse 
direction.  Thus  each  of  the  four  sets  of  exposures  of  %  second 
duration  was  complete  in  itself.  As  previously  stated,  the  shut- 
ter was  close  to  the  slit,  and  on  this  account  as  well  it  seemed 
improbable  that  any  error  due  to  unequal  illumination  of  the 
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grating  would  enter.  The  device  worked  most  satisfactorily. 
The  arc  was  thrown  upon  the  shutter  by  setting  the  plane  mirror 
properly  and  making  final  adjustments  (always  small)  with  the 
concave  mirror.  During  this  procedure  the  image  was  viewed 
with  a  telescope.  Then  the  bulb  was  pressed  and  the  exposure 
made. 

The  spark  terminals  were  formed  of  pieces  of  titanium  car- 
bide or  "cast  titanium/'  85  per  cent.  Ti  and  15  per  cent,  carbon, 
purchased  of  Eimer  &  Amend,  of  New  York.  The  shape  of  the 
terminals  was  not  regular;  but  rough  edges  were  presented  to 
each  other  and  the  pieces  shifted  often  to  obtain  new  edges.  It 
is  to  be  regretted  that  time  did  not  permit  greater  care  in  this 
respect,  for  it  is  well  known  that  the  form  of  the  surface  alters 
the  potential  of  discharge,  and  this  may  affect  the  position  of 
the  line.  Still  it  may  be  stated  that  the  results  show  no  errors 
which  can  be  traced  directly  to  this  cause. 

The  displacements  were  measured  with  a  Zeiss  comparator  of 
double  microscope  pattern,  under  a  magnification  of  about  eight 
diameters.  Double  parallel  wires  were  found  to  give  most 
accordant  results.  The  plates  were  placed  violet  left  and  four 
settings  were  made  on  the  comparison,  or  arc  spectrum  with 
three  on  the  internal  or  spark  spectrum  ;  then  the  same  set  of 
measurements  was  repeated  with  the  plate  placed  violet  right. 

RESULTS. 

The  results  of  the  investigation  are  given  in  Tables  I  to  IV. 
Table  I  shows  the  agreement  between  different  plates,  those  in 
each  group  of  two  or  three  plates  being  taken  under  similar  con- 
ditions as  far  as  known,  and  the  groups  differing  among  them- 
selves by  reason  of  change  of  spark-length,  capacity,  etc.  The 
average  deviation  from  the  mean  of  the  measurements  made 
upon  the  individual  plates  of  the  different  groups  is  0.005  tenth- 
meter,  and  the  average  deviation  from  the  mean  of  the  measure- 
ments of  the  four  lines  on  the  same  plate  (chosen  at  random)  is 
under  0.003  tenth-meter. 

Table  II  covers  the  results  of  six  short  series,  upon  which 
series  the  following  brief  remarks  may  be  made: 
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A.  Qianging  the  length  of  the  primary  or  main  gapx  apparently 
causes  a  change  in  the  position  of  the  spark  line.  The  spark 
was  vertical  and  its  length  was  varied  from  1  to  20mm.  The 
slit  of  the  spectroscope  was  cut  down  to  6mm;  the  concave  mir- 
ror was  so  mounted  that  it  gave  an  image  2.4  times  as  large 
as  the  source.  In  the  three  cases,  then,  the  images  were  2.4,  24, 
and  42mm  in  length.  Therefore  the  whole  image  of  only  the 
shortest  spark  fell  upon  the  slit.  With  the  10  and  20  mm  sparks 
the  central  2.5  mm  were  used.  This  point  will  be  discussed 
later.  In  Plates  11  and  12  a  strong  air-current  was  directed 
upon  the  spark  by  an  electric  fan — this  to  produce  greater  dis- 
ruptiveness  in  the  discharge.  It  may  appear  that  the  true  series 
should  be  composed  of  Plates  3  and  4,  13  and  14,  and  1  and  2  ;. 
for  in  none  of  these  was  the  fan  used.  But  it  may  be  well  to 
remark  that  in  3  and  4,  and  1  and  2,  the  spark  was  highly 
disruptive,  in  13  and  14  it  was  not.  (At  this  seemingly  critical 
spark  length  it  so  much  resembled  the  uncondensed  spark  that 
the  exposure  time  had  to  be  increased  to  4  minutes,  from  1  5 
seconds  in  1  and  2.)  Therefore  11  and  12  may  well  lay  claim 
to  the  right  of  being  substituted  for  13  and  14.  Probably  the.  fan 
will  increase  the  displacement  in  all  cases  in  which  the  spark  is 
not  inherently  disruptive. 

B.  The  work  upon  the  spectrum  of  the  spark  under  liquids 
(carried  on  in  conjunction  with  Professor  Hale),  in  which  an 
auxiliary  air  gap  was  placed  in  the  discharge  circuit  of  the  con- 
denser in  series  with  the  liquid  gap  to  produce  sufficient  dis- 
ruption of  discharge,  at  once  suggested  the  trial  of  the  effect  of 
a  second  air  gap  in  this  case  also.  The  results  in  the  two 
cases,  spark  under  water  and  spark  in  air,  are  identical  as  far  as 
displacement  is  concerned  :  the  introduction,  or  an  increase  in 
length,  of  the  secondary  gap  produces  an  increase  in  displace- 
ment.    The  fan  forced  a  current  of  air  against  both  gaps. 

C.  Increase  of  capacity  over  the  range  employed  seems  to  pro- 
duce a  small  increase  in  displacement.  For  values  of  plates  of 
the  condenser  in  meters  and  microfarads  see  Table  III. 

*  The*  difference  between  primary  and  secondary  gaps  will  be  made  evident  in 
section  B. 
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D.  Introduction  of  self-induction,  even  as  small  an  amount  as 
0.000426  henries,  into  the  discharge  circuit  of  the  condenser  pro- 
duces a  great  change :  under  such  conditions  the  spark  lines  are 
more  nearly  coincident  with  the  arc  lines. 

E.  Introduction  of  impedance,  of  considerable  but  unknown 
amount1  into  the  primary  circuit  of  the  transformer,  has  some 
influence  on  the  position  of  the  lines. 

F.  Introduction  of  resistance  into  the  exciting  circuit  of  the 
alternator,  in  addition  to  that  of  the  field  coils  themselves,  causes 
a  decrease  in  displacement.  Whether  this  change  will  always 
be  in  this  direction — increased  resistance,  decreased  displace- 
ment—  is  an  open  question.  For  certain  reasons,  which  can- 
not be  discussed  here,  but  will  be  made  evident  in  the  Publica- 
tions of  the  Yerkes  Observatory,  the  writer  is  led  to  believe  that 
under  some  conditions  an  increase  of  resistance  may  cause  an 
increased  displacement. 

The  effects  of  five3  of  the  six  sets  of  changes  have  their  exact 
parallel  in  the  water  spark,  and,  indeed,  the  attempt  to  obtain 
such  effects  was  suggested  by  the  results  obtained  in  that  inves- 
tigation. This  collateral  evidence  goes  far  to  compensate  for 
the  meagerness  of  data  here  presented.  Moreover,  in  the  spark 
in  air  at  high  pressure  (210  pounds),  introduction  of  self- 
induction  decreased  the  displacement.3 

It  was  stated  above  that  in  the  primary  spark-gap  series  only 
a  2.5  mm  central  section  of  the  longer  gaps  was  used.  It 
seemed  advisable  to  study  further  the  20  mm  spark.  Therefore 
the  terminals  were  turned  into  a  horizontal  position,  and  a  series 
of  plates  taken  as  shown  in  Table  IV,  to  which  the  last  portion 
(G)  of  Table  I  is  preliminary. 

The  difference  between  the  displacements  given  by  plates  34 
and  35,  also  by  36  and  37,  Table  I,  is  well  accounted  for  by  the 
fact  that  it  was  difficult  to  expose  identically  the  same  portions  of 

'Impedance  coil:  seven  sections  connected  in  parallel,  each  of  150  turns  of  No. 
16  B.  &  S.  copper  wire  ;  internal  diameter  of  coil,  6.3cm  ;  external  diameter,  9.4  cm; 
total  length  of  coil,  17  cm  ;  soft  iron  wire  core;  closed  magnetic  circuit. 

3 In  the  water-spark  investigation  the  effect  of  impedance  was  not  tried, 

3  ASTKOl'HYSICAI.  JOURNAL,  1 7,   I  57,   I903. 
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the  spark.  It  is  perfectly  evident,  however,  that  a  large  differ- 
ence exists  between  the  displacement  given  by  that  part  of  the 
spark  which  is  near  the  terminals  and  that  which  lies  between 
them.  From  plates  36,  37,  38,  and  39  it  appears  that  there  is  little 
difference  between  the  positions  of  lines  given  by  the  central  por- 
tions of  either  long  or  short  gaps.  But  no  special  stress  should 
be  put  upon  this  point,  because  of  the  difficulty  of  placing  upon 
the  slit  the  central  portions  of  either  long  or  short  gaps. 

Attention  should  be  called  to  the  fact  that  plates  15,  16,  and 
28  do  not  give  results  which  are  in  absolute  accord  with  the  pri- 
mary spark-gap  series.  Nor  do  36  and  37  agree  well  with  3 
and  4.  In  the  writer's  opinion,  this  should  not  count  against  an 
acceptance  of  the  results  as  accurate  and  of  the  effects  as  true, 
because  ( 1 )  the  plates  cited  were  not  taken  upon  the  same  day 
nor  upon  succeeding  days  (it  is  possible  that  a  change  in  atmo- 
spheric conditions  alters  the  positions  of  the  lines);  and  (2)  the 
shape  of  the  terminals  may  not  have  been  the  same. 

GENERAL    DISCUSSION    OF    RESULTS. 

Such  large  displacements  as  Haschek  gives  have  not  pre- 
sented themselves.  He  used  a  capacity  of  625  meters  or  0.0694 
microfarads.  The  maximum  capacity  here  employed  was  504 
meters  or  0.0560  microfarads.  By  referring  to  Mohler's  table, 
given  in  his  article  on  "  Pressure  in  the  Spark,"1  it  will  be  seen 

TABLE   I. 

Relative  positions  of  spark  and  arc  lines  observed  under  various  modifications  of  the 

conditions  of  the  spark  circuit. 

Displacement  of  spark  lines  toward  red  from  position  of  arc  lines  given  in 

tenth-meters.     M  =  mean  displacement. 


A.     EFFECT   OF   CHANGE    IN    LENGTH    OF    PRIMARY    SPARK-GAP. 


Link 


3900.68. 
04.95. 
1358. 
9877. 


Displacements  for  Sefaratk  Plates,  with  Means 


+  .003 
—  .002 

+  .009 
+  003 


+  .004 
-.006 

—  .001 

—  .011 


-T-004 

—  .004 
+  004 
-.004 


-KOI2 

—  .001 
-f-.oit 

—  .009 


-f-.02I    -K0I7 

—  .005       .003 

-j-.Oog  -(-  .010 

— .018. -- .014 


.011  -J-.012  -f-.oi? 
..  . .  '  ♦  .010  -f-.oio 
.  007  •*-  .013  -j-.oto 
r.007  -t-.oc>7 


M      J      1 


.0301  -f-.  039  4-  .034 
.011  |- .  034 '.  -f- .  022 
■.032  4-- 044] -K 038 
.015   r  ■033i+-024 
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TABLE  I.—  Continued. 

B.      EFFECT    OF   CHANGE    IN    LENGTH    OF    SECONDARY    SPARK    GAP. 


Line 

Displacements  for  Separate  Plates,  with  Means 

15 

16 

28 

M 

17 

19 

M 

20 

21                M 

3900.68 

04.95 

13.58 

98.77 

+  .010 
— .010 
+  007 
—.007 

+  014 

—  .0:2 
+  .007 

—  .012 

+  .017 
+  .003 
+  .018 
+  .010 

+  .014 
-.006 
+  .011 
—  .003 

+  .028 
—  .003 
+  .025 

+  .026 
-.005 
+  037 
+  .009 

+  .027 
-.004  1 
+  .031 
+  .009  j 

+  044 
—  .019 
+  .041 
+  .023 

+  .037  1  +.041 
+  .027     +.023 

+  .043     -f.042 
+  .027     +.025 

C.      EFFECT   OF    CHANGE    OF    CAPACITY. 


Line 

Displacements  for  Separate 

Plates,  with  Means 

1 

2               M        | 

9 

10 

M 

7 

8 

M. 

1  4. 

5 

6 

M 

3900.68 

04.95 

+  .030 

+  .011 

1 
+  .039  +.034 
+  .074  +.022 

+  030 

+  .042 

+  .036 

+  040 

+  .041 

+  .040 

-1-.050 
-1-.038 
+  054 

+  043 
+  .022 
+  040 
+  034 

+  .036 
+  031 

+  043 

+  .0*T 

13.58.... 
98.77    • 

+  .032]+. 044  +.038 

+  034 

+  043 

+  .038 

+  034 

+  049 

+  .042 

+  .030' +  .041 
-r-     5 



D.     EFFECT    OF    INTRODUCTION    OF    SELF- 
INDUCTION. 


E.     EFFECT  OF  INTRODUCTION 
OF  IMPEDANCE. 


Line 

Displacements  for  Separate  Plates,  with  Means 

23     1     29 

M 

4a 

r.oso 
+  .038 
I    054 

5 

6      i    M 

26 

+  .036 
+  .008 
+  .026 
—  .001 

27 

f  .025 
\-  .005 
f.018 
-  .001 

M 

1 

2 

M 

3900.68 

04.95 

13.58 

98.77 

+  .008  +  .012 

—  .010  +.003 

—  .010!  — .014 

—  .002  +.001 

\-  .010 

.004 

+  .002 

-  .002 

-i.043 
4-.  022 

1    040 
+  .034 

f.036  +.043 
-*•  .031  +.027 
K030  f  041 
+  .025  +.030 

4-.  031 

—  .007 

—  .022 

—  .001 

+  .030 
-.011 
+  032 
+  015 

+  039 
+  034 
+  044 

+  •033 

+  .034 

+  .OM 
-K038 

F.      EFFECT    OF    CHANCE    OF    RESISTANCE    IN    FIELD    CIRCUIT   OF    ALTERNATOR. 


Line 


3900.68. 
04.95  • 
13.58. 
98.77. 


Displacements  for  Separate  Plates,  with  Means 


24 

25 

M 

--  .027 

•  .031 

r .  029 

-J-.C'OO 

-    002 

•  .001 

+.008 

-  .025 

I-.017 

.004 

-  .010 

+  .003 

G.      EFFECT    OF    USING    DIFFERENT    PARTS    OF    SI'ARK,  AND    SPARKS   OF    DIFFERENT 
LENGTH,    AS    SOURCES    OF    LIGHT. 


5900.68. 
04.95 


98.77. 


Displacements  for  Separate  Plates,  with  Means 


-r.017 
-•  -039 
1-  010 


-.058 
-r  •  023 
- .  05 1 
:-.o-'9 


.05  8 
.  020 


36 

37 

M 

+  .O..C. 

+  .019 

-•-.023 

+  .02I 

-1- .  007 

-.014 

—  .O32 

—  .Oil 

t.022 

—  .OTI 

—  .006 

+ .  002 

+  .029      +.022 


+  .024  i  +.018 

^-.oit    j     


+  .026 


+  .021 
+  .OXI 
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that  the  average  displacement  for  two  cadmium  lines  increases 
but  slowly  between  48  and  70.2  meters ;  and  Mohler  remarks 
that  "this  seems  to  indicate  that  the  pressure  in  the  spark  does 
not  increase  directly  with  the  capacity,  but,  as  indicated  by 
Haschek  and  Mache,  the  pressure  approaches  a  maximum  value."1 
(Haschek  and  Mache  had  inclosed  the  spark  in  a  receptacle  and 
measured  the  pressure  developed  when  the  discharge  passed. 
They  used  a  spark-gap  of  2  mm  between  brass  terminals  3  mm  in 
diameter  and  produced  the  spark  by  a  transformer  which  gave 
"5,200  volts  effective0  potential.) 

TABLE    III. 
Condenser  capacities  in  meters  and  microfarads. 


No.  of  plates  of  condenser 

Meters 

Microfarads 

9 
19 

38 
77 

59-4 
125.  I 

2493 
504.3 

0.0066 
O.OI39 
0.0277 
O.0560 

TABLE  IV. 

HORIZONTAL    SPARK. 

Mean  displacements  taken  from  Table  I.  Part  of  spark  exposed  and  spark  length 
are  severally  the  variables.  Displacements  of  spark  lines  toward  red  in  tenth- 
meters  :  positive  unless  otherwise  indicated. 


Plate  numbers 

Date  of  exposure 

Length  of  spark-gap  in  mm 

Capacity  in  plates  of  condenser 

Self  induction  in  henries 

Impedance  in  primary  transference  circuit. 

Field  circuit  resistance  in  ohms 

Fan  running 


Line 


Part  of  Spark  Exposed 


Intensity 


Near 
terminal 


Near 
center 


Near 
center 


3900.68 I 

04.95 I 

I3-S* I 

9*. 77 ' 


0.058 
0.020 
0.045 
0.020 


0.023 
0.014 
0.022 
0.002 


0.026 


0.021 

O.OIl 


1  AsTROl'HYSICAL  JOURNAL,  9,  351.  1899. 
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In  view  of  this  it  seems  extremely  improbable  that  an  increase 
in  capacity  from  504  to  625  meters  would  increase  the  displace- 
ment from  0.043  {the  maximum  shift  obtained  by  the  writer  for 
X  3900.68  —  see  plates  4a,  5  and  6)  to  0.13  tenth-meter. 

Haschek  states  that  the  transformer  and  induction  coil  give 
different  positions  for  the  spark  lines  —  which,  indeed,  is  prob- 
ably the  case.  Difference  in  energy  consumption  is  assigned  as 
the  explanation*  of  the  difference  in  spark  pressure  as  found  by 
Mohler,  and  by  Haschek  and  Mache.3  This  will  not  explain  the 
larger  displacements  given  by  Haschek,  for  the  writer  used  quite 
as  powerful  apparatus,  if  not  more  so.  In  Plates  20  and  21,  for 
instance,  the  potential  difference  on  the  terminals  of  the  primary 
circuit  of  the  transformer  was  JJ  volts,  the  current  flowing  21 
amperes,  and  the  resultant  power  by  actual  measurement  1000 
watts.  The  secondary  voltage  was  about  10,500.  Haschek 's 
44  spark  was  produced  by  a  high  potential  transformer  supplied 
by  a  primary  current  of  12  amperes  and  100  volts,  which  trans- 
formed up  to  about  10,000  volts."  Therefore  difference  in  trans- 
former would  not  be  likely  to  produce  such  a  difference  in  dis- 
placement. 

Another  matter  may  be  touched  upon  at  this  point.  Table 
IV  shows  that  near  the  center  of  the  spark  gap  the  displacement 
is  less  than  near  the  terminals.  After  discussing  the  work  of 
Haschek  and  Mache  "  On  the  Pressure  in  the  Spark/' 3  Haschek 
writes : 4 

An  explanation  of  the  origin  of  spark  pressure  may  be  found  in  the 
investigation  of  Schuster,5  who  observed  that  the  small  particles  of  the 
metallic  vapor  discharged  from  the  electrodes  move  with  great  velocity, 
which  diminishes  sharply  with  increasing  distance  from  the  electrodes.  From 
this  it  follows  that  the  particles  crowd  together  toward  the  middle  of  the  path 
of  the  spark,  so  that  the  pressure  increases  with  the  distance  from  the  elec- 
trode. A  conception  of  how  the  pressure  affects  the  wave-length  of  the 
emitted  light  may  be  obtained  by  considering  that,  upon  a  sufficiently  close 
approach,  the  particles   must   exert   mutual  forces  upon  each  other.     These 

1  ASTROPHYSICAL  JOURNAL,  14,  I98,    I9OI. 

*  Ibid.,  12,  50,  1900.  3  Ibid.,  9,  347,  1899.  *  Ibid.,  14,  188,  1901. 

3  Nature,  57,  1899;  Phil.  Trans.,  193,  A,  1899. 
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light-producing  particles  will  then  no  longer  vibrate  freely,  but  under  the 
influence  of  a  dampening  which  causes  an  increase  of  wave-length. 

This  reasoning  is  not  clear  to  the  writer.  If  we  are  justified 
in  assuming  that  the  kinetic  theory  of  gases  is  applicable  to  the 
metallic  particles  of  the  luminous  source,  we  have : 

p  =  Yi  m  n  u*y 
where  /  is  the  pressure  exerted  by  the  conglomeration  of  the 
particles,  m  the  mass  of  a  particle,  n  the  number  of  particles,  and 
«2  the  "mean  squared  velocity.'* 

Even  if  n  increased  toward  the  center  of  the  spark  gap,  the 
conclusion  could  not  be  drawn  that  the  pressure  was  greater  at 
this  point,  for  the  decrease  in  the  value  of  «2  might  more  than 
compensate  for  the  increase  of  n.  The  fact  is  that  there  are 
probably,  in  general,  more  glowing  metallic  particles  near  the 
terminals  than  in  an  equal  volume  at  a  point  midway  between 
them,  as  is  shown  ( 1 )  by  the  time  of  exposure  necessary  in  the 
two  cases  to  photograph  the  lines  investigated  —  either  with 
vertical  or  horizontal  spark  gap,  this  being  especially  true  of  the 
lines  X 3900.68  and  3913.58,  which  appear  much  enhanced  near 
the  terminals;1  and  (2)  by  the  results  obtained  by  Schenck  2 
who  states  that  "  the  principal  spark  lines  show  a  tendency  to 
shorten  up  close  to  the  poles,  while  the  arc  lines  go  clear  across 
the  gap/'  Of  course,  we  may  not  be  justified  in  using  the  word 
"  pressure  "  with  reference  to  the  spark,  because  in  a  phenom- 
enon such  as  this  the  motion  of  the  particles  is  so  irregular 
that  the  term  "  mean  squared  velocity  "  may  well  be  regarded  as 
having  no  physical  meaning.  Moreover,  in  general,  it  may  not 
be  justifiable  to  base  any  line  of  reasoning  on  conclusions  drawn 
from  the  kinetic  theory  of  gases. 

All  that  may  be  said  is  that,  if  increase  of  pressure  in  the 
spark  produces  an  increase  in  the  wave-length  of  the  line,  the 
pressure  near  the  terminal  is  greater  than  that  in  the  center  of 
the  spark. 

'Schuster  states  that  "the  metallic  vapors  remain  luminous  in  the  center  of  the 
spark  for  a  longer  period  than  near  the  poles."  However,  the  intensity  of  illumina- 
tion appears— for  the  characteristic  spark  lines  at  least,  if  not  indeed  for  the  rest  as 
well    -greater  near  the  "pole." 

2 Asikoi'hysical  Journal,  14,  129.  1901. 
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To  study  further  the  effect  of  inserting  self-induction  in  the 
discharge  circuit  of  the  condenser  there  was  taken  somewhat 
later  a  series  of  plates  covering  the  region  A. 4200  to  A. 4700,  one 
set  with  0.000426  henries  self-induction  and  the  other  with  none. 


TABLE  V. 

Relative  positions  of  spark  and  arc  lines  observed  with  and  without  self-induction 
in  the  discharge  circuit  of  the  condenser.     M  =  mean  displacement  of  spark  line. 


Link 

Displacement  for  Separate  Plates 

41 

42 

M 

45 

—  0.007 
.003 
000 

46 

M 

4443.97 

—0.015 
.051 
.030 

—  O.029 
.046 
•033 

—  0.022 
.048 
■031 

—  0.008 
.006 
.006 

—  0.007 
.004 
.003 

55.48 

68.65 

TABLE  VI. 

Mean  displacements  taken  from  Table  V.     Self-induction  is  the  variable.     Displace- 
ments in  tenth-meters:  positive  toward  the  red. 


Plate  numbers. 


41,    42 


Date  of  exposure . 


Jan.  17 


45*    46 


Jan. 17 


Length  of  spark  gap  in  mm  . 


Capacity  in  plates  of  condenser. 


77 


77 


Impedance  in  primary  transference  circuit. 


Field  circuit  resistance  in  ohms. 


Fan  running . 


No 


No 


Line 


Intensity 


Self- Induction  in  Henries 
0.000426 


4443-97 
55.48 
68.65 


-0.022 
.048 
.031 


—  0.007 
.004 

.00} 
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Table  V  shows  the  agreement  of  the  measurements  made 
upon  the  members  of  each  set;  and  Table  VI  gives  the  condi- 
tion under  which  the  plates  were  taken.  It  will  be  noticed  in 
the  case  of  A.4443.97  that  the  insertion  of  self-induction  appears 
to  place  the  line  farther  toward  the  red  —  an  exception  to  the 
general  rule  found  above. 

The  results  of  this  brief  survey  of  the  questions  considered 
may  be  summed  up  as  follows : 

1.  When  a  spark  spectrum  is  obtained  for  purposes  of  meas- 
urement, the  conditions  under  which  it  is  taken  should  be  stated 
more  fully  than  is  customary  at  present,  for  the  position  of  the 
lines  is  altered  to  more  than  a  negligible  degree  by  the  condi- 
tion of  the  electric  circuit  as  to  capacity,  self-induction,  resist- 
ance in  field  circuit  of  alternator,  and  impedance  in  primary 
circuit  of  transformer. 

2.  Different  parts  of  the  spark  give  spectra  in  which  the  lines 
have  not  only  different  relative  intensities,  but  different  wave- 
lengths. 

That  the  wave-lengths  depend  upon  the  capacity  and  the 
apparatus  used,  whether  induction  coil  or  transformer,  has  been 
known  for  some  time.  That  self-induction  alters  the  position  of 
the  lines,  and  that  the  part  of  the  spark  exposed  enters  as  impor- 
tant factors,  are  facts  which  had  not  come  to  the  writer's 
notice. 

3.  Such  large  displacements,  as  are  given  by  Haschek  for 
the  lines  of  the  Ti  spectrum  have  not  been  found  here. 

It  must  be  clearly  understood  that  the  grating  used  is  not 
one  which  possesses  a  dispersion  fully  adequate  for  an  accurate 
quantitative  study  of  the  question  in  hand  ;  and  that,  with  the 
dispersion  given,  the  limit  of  accuracy  of  measurement  lies  far 
too  near  the  magnitude  of  the  effects  studied.  However,  the 
collateral  evidence  is  so  strong  that  the  results  here  given  are 
undoubtedly  qualitatively  correct.  Moreover,  it  appears  impos- 
sible to  attribute  the  persistent  and  regular  changes  in  the  posi- 
tions of  the  spark  lines  to  mechanical  motion  in  the  apparatus, 
unequal  illumination  of  the  grating,  heating  of  the  slit,  errors  in 
measurement,  or,  in  short,  to  any  other  causes  than  those  given 
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above.     The  writer  intends,  as  soon  as  possible,  to  continue  the 
research  with  a  larger  grating. 

In  conclusion  I  wish  to  acknowledge  my  indebtedness  to  Pro- 
fessor Hale  for  proposing  the  investigation,  to  both  Professor 
Hale  and  Professor  Frost  for  their  valuable  suggestions,  and  to 
Messrs.  Ellerman  and  Fox  for  their  assistance  in  the  laboratory 
during  the  latter  part  of  the  investigation. 

Wabash  College, 
Crawfordsville,  Ind.,  April  7, 1903. 


Minor  Contributions  and  Notes. 


THE  NEW  STAR  IN  GEMINI. 

Telegraphic  announcement  of  the  discovery  on  March  16  of  a 
new  star  in  Gemini  by  Turner  (presumably  on  the  Oxford  photographs) 
was  received  at  the  Yerkes  Observatory  on  the  afternoon  of  March  27. 
The  same  evening  the  star  was  observed  with  the  forty-inch  refractor. 
Its  conspicuous  red  color  was  at  once  explained  by  the  great  intensity 
of  the  Ho.  line,  as  observed  by  Mr.  Ellerman  and  the  writer  with  a 
direct  vision  spectroscope.  Very  bright  lines  in  the  yellow  and  blue 
were  clearly  visible  on  a  faint  background  of  continuous  spectrum. 
The  star  thus  presented  the  familiar  characteristics  of  Nova. 

The  region  of  the  Nova  had  been  photographed  with  the  two-foot 
reflector  by  Mr.  Parkhurst  on  February  21,  1903,  for  the  purpose  of 
charting  the  field  around  the  variable  star  2404  X  Gcminorum,  which 
lies  two- thirds  of  a  degree  east.  The  exposure  time  was  20  minutes, 
from  8h  22ffi  to  8h  42™  C.  S.  T.  After  the  receipt  of  the  telegraphic 
announcement  of  Professor  Turner's  discovery,  Mr.  Parkhurst  care- 
fully examined  the  region  of  the  Nova  on  this  plate.  What  appeared 
to  be  an  image  of  the  Nova  was  found.  It  is  a  little  brighter  than  the 
fifteenth  magnitude,  the  faintest  stars  visible  in  the  vicinity  being  about 
half  a  magnitude  fainter.  Careful  comparison  with  similar  plates  taken 
since  the  Nova  brightened,  and  also  with  the  sky  as  seen  in  the  large 
telescope,  indicates  that  the  star  photographed  is  either  the  Nova  or  a 
fifteenth  magnitude  star  within  three  seconds  of  arc  of  the  place.  The 
comparison  certainly  shows  that  the  Nova  was  not  brighter  than  the 
fifteenth  magnitude  on  February  21. 

The  region  of  the  Nova  was  photographed  with  the  two-foot  reflector 
by  Mr.  Pease  on  March  28  and  29  with  a  total  exposure  of  8^  hours 
(Plate  XXI).  As  the  conditions  were  fairly  good  during  the  exposure  of 
this  photograph,  it  seems  probable  that  no  bright  nebulosity,  like  that 
surrounding  Nova  Persci,  existed  at  this  time  in  the  vicinity  of  Nova 
Gemi/iorum. 

Position. —  Micrometric  measures  with  the  40-inch  refractor  by 
Professor  Barnard  gave  the  following  positions  for  the  new  star  with 
respect  to  B.  D.  29?  1342  (8.2  mag.): 
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PLATE  XXI. 

N. 


Scale:  I  mm  =  20*.  S. 

Photograph  of  the  Region  of  Nova  Geminorum. 
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Date 

Nova— Star 

March  27 

March  30 

Act  — 2m  21*84 
—  2      2I.76 

A»+5' 
+5 

57  '29 
57-25 

—  2      21.80 

+5 

57.27 

In  the  observations  of  March  27,  an  intermediate  star  was  used  in 
both  Aa  and  AS,  and  on  the  30th  in  Aa. 

Mean  place  of  comparison  itar  for  1900.0  Authority. 

a  =  6h  40m  10*79;  5  =  +29°  56'  42^05.    Leiden  A.G.  C.  2813  and 

Cambridge  A.G.C.  3482. 

It  was  observed  twice  at  Leiden  and  three  times  at  Cambridge; 
the  declinations  differ  by  1 '. 7,  which  does  not  appear  to  be  due  to 
motion.  These  two  positions  were  weighted  according  to  the  number 
of  observations. 

The  following  position  results  for  the  Nova: 

1900.0    a  =  6h  37m  48? 99.     8  =  +  30°  2'  39T3. 

The  star  is  of  a  strong  red  color — redder  than  B.  D.  -f-  29?  1342. 

Micrometric  measures  have  been  made  of  the  small  stars  near  the 
JVova  to  form  an  accurate  chart  for  detection  of  possible  motion  in  the 
Nova.  The  measures  so  far  made  are  given  below.  The  stars  may  be 
identified  from  the  accompanying  drawing  (Fig.  1)  showing  the  field 
immediately  surrounding  the  Nova. 

Nova  and  I2in3  star  following  =  No.  I. 


1903. 

March  30.. . 

in  4  °^-> 

April  4 

105.22              32-52 

105.02           32.36 

Nova  and 

I2m6  star  South  =  No.  2. 

1903, 

March  30. . . 

169^21 

45  .'6b 

Nova  and 

14V5  star  North  =  No.  3. 

1903, 

March  30.. . 

341-61 

SS'bQ 
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Nova  and  I2™5  star  preceding  =  No.  4. 


1903,  March  30. 
April  4. . . 


iq6?I5 
196.30 


196.22 


84-93 
85.15 


85.04 


Nova  and  I2™5  star  North  =  No.  5. 


1903,  March  30. 
April  4.. . , 


313-86 
313.90 


313.88 


99 -'87 
9993 


99.90 


Nova  and  12™  star  North  =  No.  6 


1903,  March  30 
April  4. . . 


i6?98 
17-45 


17.21 


102  .'81 
103.00 


102.90 


POSITIONS    OF    THE    SMALL    STARS,    REFERRED    TO    THE    MEAN 
EQUINOX    OF    I9OO.O. 


No. 


R.  A. 


6h       37n 

6      37 


37 
37 
37 
37 


43M4 
47.16 
47.64 
49.65 

51-33 
51.40 


Dec. 


+  30° 
+  30 
+  30 
+  30 
+  30 
+  30 


48  .'5 
17.6 
32.1 
54-5 
17.6 

30.9 


Focus. — The  following  observations  made  by  Professor  Barnard 
show  that  the  focus  of  the  Nova  with  the  forty-inch  refractor  did  not 
differ  appreciably  from  that  for  the  comparison  star: 

Inches 

March  27  Nova  focus      2.12         (4  obs.) 
B.D.  +30^1314     "         2.10         (5  obs.) 

Nova  —  star  =  +  0.02  =  +  0.5 1  mm 
March  30  Nova  focus      2.13         (9  obs.) 
B.D.  +30°  1 31 4     "         2.15  (gobs.) 

Nova  —  star  =  —  0.02  =  —  0.51  mm 
When  in  the  best  focus  there  was  a  decided  glow  about  the  star  for 
some  2*  or  3",  which  was  of  a  crimson  color.     This  was   not  present 
with    the  other  stars.     By  drawing  the  eyepiece   out,  a  small,  well- 
defined  image  of  the  star  was  formed  of  about  the  tenth  magnitude  and 
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about  of  1  in  diameter.  It  was  sharply  defined  and  of  a  beautiful 
crimson  color — far  more  vivid  than  Hind's  celebrated  crimson  star. 
The  Nova  was  surrounded  by  a  pale,  grayish  blue  halo  3f8  in  diam- 
eter by  measurement.  This  phenomenon  was  not  present  when  other 
stars  were  thrown  out  of  focus. 

Five  very  accordant  settings  were  made  for  the  focus  for  this 
crimson  image,  giving  focus  =  2.51  inches.  This,  compared  with  the 
observations  for  the  true  focus  for  this  star  on  the  same  date,  showed 
that  this  second  image,  one  and  a  half  magnitudes  less  than  the  other, 
was  formed  0.38  inch  (9.6  mm)  outside  the  proper  focus  for  the  Nova. 
This  was  undoubtedly  due  to  the  predominance  of  the  bright  Ha  line 
in  the  light  of  the  Nova. 

Magnitude. — The  photometric  magnitudes  of  the  Nova,  as  measured 
on  seven  nights  by  Mr.  Parkhurst  with  an  equalizing  wedge  photom- 
eter attached  to  the  twelve-inch  refractor  and  six-inch  reflector,  are  as 
follows : 

PHOTOMETRIC  MAGNITUDES  OF    NOVA  GEMI- 

NORUM   ON    HARVARD    COLLEGE 

OBSERVATORY    SCALE. 

(To  express  on  Potsdam  scale,  add  0.20  mag.) 


Date. 

G.  M.  T. 

Mag. 

1903,  March 

27.715 
28.636 
29.603 
29.650 
30.673 
3L588 
3.564 
4.583 

8.5I 

8.71 

8.85 

8.91 

8.76 

8.89 

8.91  ± 

8.96 

April 

Measured  from  four  standard  stars  ;  mean  residual  from  separate  stars, 
0.03  mag. 

Spectrum. — As  neither  the  position  nor  the  physical  characteristics 
of  the  bright  lines  could  be  determined  satisfactorily  by  visual  obser- 
vations, two  of  the  prisms  of  the  Bruce  spectrograph  were  removed, 
and  a  short  camera  attached  for  use  with  a  single  prism.  The  camera 
lens  employed  was  a  Unar,  series  lb,  No.  7,  kindly  loaned  by  the 
Bausch  &  Lomb  Optical  Co.  pending  the  construction  of  a  special 
short  focus  doublet.  A  mounting  for  the  camera  was  made  in  the 
instrument  shop  on  March  28,  and  the  spectrum  of  the  Nova  was  pho- 
tographed on  that  evening  by  Professor  Frost  and    Mr.  Adams.     The 
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•  4 


•  2 


•  1 


•  3 


photograph,  which  is  reproduced  in  Fig.  2,  was  taken  at  i5h  40°  G.  M. 
T.  (middle  of  exposure),  and  was  exposed  for  3h  i2m.  A  Cramer  iso- 
chromatic  plate  was  used,  without  the  correcting  lens.  Titanium  was 
employed  for  the  comparison  spectrum,  supplemented  by  helium,  the 
spectrum  of  which  was  photographed  on   another  plate  immediately 

after  the  end  of  the  ex- 
posure for  the  star. 

Prof essor  Frost's  study 
of  this  photograph  shows 
that  the  most  conspicu- 
ous features  are  the  very 
strong  bright  band  ex- 
tending from  about  A  4598 
to  A  4696  (mean  at  A  4647), 

Y    and  the  very  strong  HP 

line,  extending  from 
A4839  to  A 4886  (mean  at 
A4862).  There  appeared 
to  be  two  narrow  bright 
maxima  near  the  less  re- 
frangible end  of  fffi,  at 
A4877  and  A4882.  At 
the  less  refrangible  end 
of  the  plate  there  are  two 
fairly  strong  bands,  one 
extending  from  A  5647  to 
A  5685  (mean  at  A  5666), 
the  other  extending  from  A  5729  to  A5775  (mean  at  A5752).  The 
less  refrangible  of  these  lines  is  rather  sharply  bounded  on  the 
violet  side,  suggesting  the  presence  of  a  dark  band.  The  lack  of  sen- 
sitiveness of  the  plate  near  A  5000  may  account  for  the  absence  of 
the  band  near  A  5016,  which,  though  found  in  the  spectra  of  Nova 
Aurigae  and  Nova  Persei,  is  exceedingly  faint  in  Nova  Geminorum. 
Hy,  though  hardly  measurable,  is  visible  on  the  plate  as  a  very  faint 
band  merging  into  a  brighter  band  which  extends  from  A 4347  to 
A  437 1  (mean  at  A  4359).  The  intensity  of  this  part  of  the  spectrum 
was  greatly  reduced  through  the  absence  of  the  correcting  lens,  and 
the  slit  was  not  in  the  focal  plane  of  the  forty-inch  telescope  for  this 
region.     This  probably  accounts  for  the  decided  faintness  of  Hy  as 


•  5 
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?=T=f=?= 
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Fig.  1. —  Stars  near  the  Nova. 
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compared  with  Hfit  but  in  any  case  Hy  would  appear  to  be  distinctly 
fainter  than  A  4359. 

The  spectrum  of  Nova  Geminorum  thus  corresponds  with  the  spec- 
tra of  Nova  Persei  and  Nova  Aurigae  in  their  later  stages  of  develop- 
ment, particularly  with  respect  to  the  relative  intensity  of  the  bands 
observed,  all  of  which     0  ^  ^  ^  0  N 

were  present  in  both     55  %  %  S>£ 

of  these  stars.  After 
the  transformation  of 
the  spectrum  of  Nova 
Aurigae  into  that  of 
a  nebula,  in  August 
1892,  the  intensities 
of     AX4l^8       4640      Fig.  2. —  Spectrum  of  Nova  Geminorum,  March  28,  1903. 

4863,  and  5750  were  estimated  by  Campbell  as  8,  7,  10,  and  10 
respectively,  and  were  only  exceeded  by  the  chief  nebular  lines  A  5007 
and  A  4959  with  intensities  of  100  and  30.  On  the  negative  of  the 
spectrum  of  Nova  Geminorum  the  very  faint  bright  band  in  the  region 
of  the  principal  nebular  lines  is  too  weak  for  measurement. 

Visual  observations  of  the  Nova  have  been  made  with  a  single 
ocular  prism,  or  direct  vision  train,  on  each  available  night  since 
March  27,  but  no  changes  sufficiently  obvious  to  be  noticed  with  such 
small  dispersive  power  have  been  observed. 

George  E.  Hale. 

Yerkes  Observatory, 
April  6,  1903. 

NOVA  GEMINORUM  BEFORE  ITS  DISCOVERY.1 

On  March  27,  1903,  a  cable  message  was  received  from  Professor 
Kreutz,  of  Kiel,  stating  that  an  object  which  was  probably  a  new  star, 
but  was  possibly  a  variable,  had  been  discovered  by  Professor  Turner. 
Also,  that  on  March  16  it  was  of  the  magnitude  8.0,  while  on  February 
16  it  had  not  been  seen  (presumably  on  a  photograph).  Its  apparent 
place  was  R.  A.  6h  37m  48s,  Dec.  +  300  4' .  The  grant  from  the  Car- 
negie Institution  permitted  an  examination  to  be  made  of  the  early 
photographs  of  the  Henry  Draper  Memorial,  and  furnished  the  history 
of  this  object  from  its  first  appearance  to  the  present  time.  An  excel- 
lent photograph  of  the  region,  taken  1903,  March  id  i5h  3"1,  G.  M.  T., 
showed   stars  of  the   magnitude  11.9,  but   no   trace  of  the  Nova  was 

x  Harvard  College  Observatory  Circular  No.  70. 
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visible.  A  similar  result  was  found  from  sixty-seven  plates,  the  first 
taken  March  3, 1890,  the  last  on  February  28,  1903,  although  nearly  all  of 
these  plates  showed  stars  fainter  than  the  twelfth  magnitude.  One  or 
more  of  these  photographs  were  taken  on  each  intermediate  year.  It 
did  not  therefore  seem  necessary  to  examine  the  other  early  plates  of  this 
region,  a  hundred  or  more  in  number.  A  plate  taken  1903,  March  2d 
i3h  19"',  showed  stars  of  the  ninth  magnitude,  but  no  trace  of  the  Nova. 
The  evenings  of  March  3,  4,  and  5  were  cloudy,  but  on  a  plate  taken 
March  6d  1411  28°,  an  object  of  the  magnitude  5.08  appears  in  the  given 
place.  Plates  taken  on  several  later  nights  showed  that  the  magnitude 
was  gradually  diminishing,  as  appears  in  Table  I,  which  gives  in  succes- 
sive columns  the  date,  the  Greenwich  Mean  Time,  the  photographic  mag- 
nitude of  the  Nova,  and  the  initial  of  the  observer.  F.  denotes  Mrs. 
Fleming  and  L.  Miss  Leland. 

The  photograph  of  March  6  has  especial  value,  since,  so  far  as 
is  known,  it  contains  the  first  photograph  of  the  Nova.  The  image  is 
on  the  very  edge  of  the  plate,  and  accordingly  was  compared  with  fif- 
teen other  stars  at  about  the  same  distance  from  the  center  of  the  plate. 
The  Nova  was  compared  twice  with  each  star  by  each  observer.  The 
value  of  the  grade  was  much  larger  than  usual,  and  equaled  0.21  and 
0.33  for  the  two  observers.  The  mean  result  for  all  was  magnitude 
5.08,  with  an  average  deviation,  for  the  separate  stars,  of  zh  0.26.  The 
magnitude  on  each  of  the  other  dates  given  in  the  table  was  found  by 

TABLE  I. 
PHOTOGRAPHIC    MAGNITUDES. 


Date 

G.  M.  T. 

Mag. 

h.   m. 

1903  March 

1 

15   3 

<  II-4 

2 

14  3i 

<  9-5 

6 

14  28 

4-97 

6 

14  28 

S.20 

11 

15  18 

6.76 

12 

14  25 

7.06 

12 

15  25 

7.  16 

13 

14  52 

7-12 

13 

14  52 

7.17 

Obs. 


L. 
F. 
F. 
L. 
F. 
F. 
F. 
F. 
F. 


Date 

G.M.T. 

Mag. 

h.   m. 

1903,  March  14 

14  14 

7.42 

M 

14  14 

7-34 

M 

16  20 

7.32 

M 

16  20 

7.34 

15 

13  44 

7.27 

i«; 

M  53 

7-57 

15 

14  53 

7.46 

25 

13  26 

794 

25 

13  39 

8.08 

Obs. 


F. 
L. 
F. 
L. 
F. 
F. 
L. 
L. 
F. 


comparison  with  six  stars  whose  brightness  was  nearly  equal  to  that  of 
the  Nova.  These  magnitudes  were  derived  assuming  that  the  photo- 
metric and  photographic  magnitudes  were  nearly  the  same  for  stars 
whose  spectra  were  of  the  first  type. 
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The  evening  of  March  27  was  cloudy  and  also  the  early  part  of 
March  28.  One  plate,  however,  taken  on  the  latter  date,  gave  the 
magnitude  8.34.  Several  photographs  were  taken  on  March  29,  31, 
and  April  1,  and  gave  the  mean  magnitudes  8.24,  8.24,  and  8.25. 
These  magnitudes  are  based  upon  the  results  given  in  Table  II,  which 
contains  the  designations,  Durchmusterung  numbers,  rectangular  co- 
ordinates expressed  in  seconds  of  arc  with  the  Nova  as  an  origin, 
and  provisional  photographic  magnitudes  of  a  sequence  of  comparison 
stars.  It  is  probable  that  the  fainter  stars  are  really  fainter  than  these 
magnitudes  indicate,  but  the  latter  will  serve  to  determine  the  relative 
changes  in  the  Nova  as  it  grows  fainter,  and  thus  render  the  results  of 
different  observers  comparable.  All  the  magnitudes  can  later  be 
reduced  to  an  absolute  scale.  They  also  serve  to  compare  the  faintest 
stars  shown  on  early  plates.  Thus,  the  photograph  taken  March  1, 
1903,  shows  star  /,  and  also  stars  at  least  a  tenth  of  a  magnitude 
fainter.  Star  u  does  not  appear.  Hence  this  plate  shows  stars  of  the 
magnitude  1 1.9  and  brighter. 

The  last  plate  in  Table  I  is  of  interest,  since  it  was  taken  with  an 
objective  prism,  and  accordingly  shows  the  spectra  of  the  Nova  and 
of  the  adjacent  stars.  Six  bright  lines  are  shown  in  the  spectrum  of  the 
JVova,  whose  designations,  assumed  wave-lengths,  and  intensities,  call- 
ing the  intensity  of  the  line  Jfy,  /o,  are  as  follows:  //?,  A 3889,  /;  Ht, 
*397°>  3*'  &%>  A4io2,<?;  By,  A4341,  *0;  — ,  A4643, ///  H$,  \^62yQ. 


Dcs. 


a 
b 
c 
d 
e 
f 
g 

h 

k 

I 


TABLE    II. 
COMPARISON    STARS. 


B.D. 


--30°  1318 
--30°  1300 
--30°  I3M 
--300  1320 
--290  1342 
--300  1316 
+300   1306 

+3oc    1302 

+30°   1309 
m     +300    1317 


X 

y     • 

+  716 

+3187 

+  274 

+1949 

+  1021 

+  878 

+  1843 

-  347 

+  643 

+  552 

—  1006 

+  142 

+  504 

+  289 

+  504 

+  297 

-I923 

+  231 

-  456 

+  53 

+  638 

-  327 

-  3" 

-  47 

+  544 

+  197 

Mag. 


7.28 
7.76 
7.98 
8.50 
8.82 
9.M 


936 

|   IV 

X 

9.71 

y 

9.93 

1  2 

10.13 

1  a 

10.41 

0 

10.66 

7 

II. 01 
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From  this  it  appears  that  the  spectrum  resembles  that  of  Nova  Sagit- 
tar ii  on  April  19,  1898.  No  dark  lines  are  visible,  but  this  is  perhaps 
owing  to  the  small  dispersion. 

The  same  lines,  and  having  nearly  the  same  intensities,  appeared 
on  similar  photographs  taken  on  March  29,  31,  and  April  1.  They 
also  showed  the  additional  nebula  line,  A  5003,  which  has  the  intensity 
2  or  j,  and  is  certainly  brighter  than  H(.  This  line  does  not  appear 
on  the  plate  taken  March  25,  and  indicates  the  first  step  in  the  change 
into  a  gaseous  nebula.  Three  additional  bright  lines  were  detected  in 
the  later  photographs,  whose  estimated  wave-lengths  are  about  A4176, 
4240,  and  4462. 

In  the  other  new  stars  the  appearance  of  line  5003  was  followed  by 
the  diminution  in  intensity  of  the  line  HP,  and  the  appearance  and 
rapid  increase  in  the  nebula  line,  near  H£,  which  finally  became  the 
strongest  line  in  the  spectrum. 

A  most  important  question  in  connection  with  the  appearance  of 
new  stars  is  whether  such  objects  can  come  and  go  without  detection 
by  astronomers.  Since  the  Henry  Draper  Memorial  was  established, 
nine  new  stars  have  been  discovered.  Six  of  them,  Nova  PerseiNo.  1, 
Nova  Normaey  Nova  Carinac  No.  2,  Nova  Centaur 7,  Nova  Sagittarii,  and 
Nova  Aquilac,  were  found  in  the  regular  examination  of  the  Draper 
Memorial  photographs,  and  probably  all  of  them  would  otherwise  have 
escaped  detection.  Two,  Nova  Aurigae  and  Nova  Persei  No.  2,  were 
bright,  and  were  found  visually  by  Dr.  Anderson.  The  first  of  these 
might  have  escaped  detection  here,  although  numerous  early  charts 
were  obtained  which  showed  that  it  was  visible  to  the  naked  eye  during 
seven  weeks  before  its  discovery.  The  spectrum  of  Turner's  Nova  is 
so  conspicuous  on  the  plate  taken  on  March  25  that  when  this  plate 
was  developed  and  examined  it  would  doubtless  have  been  found  on  it 
here,  but  for  the  prompt  discovery  and  announcement  by  Professor 
Turner. 

Edward  C.  Pickering. 

April  3,  1903. 

A    LIST    OF    FOUR    STARS    WHOSE    VELOCITIES    IN   THE 
LINE  OF  SIGHT  ARE  VARIABLE.1 

The  following  four  spectroscopic  binaries,  discovered  with  the 
Mills  Spectrograph,  are  additional  to  the  thirty-eight  binaries  already 
announced  : 

1  Lick  Observatory  Bulletin  No.  31. 
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v  Androtncdae  (a  —  oh  44°;    8  =  +  40 °  32  '). 

The  variable  velocity  of  this  star  was  discovered  from  the  second 
plate.     Three  observations  have  been  secured,  as  follows : 


Date 

Velocity 

Measured  by 

1902,  October         8 
November     5 

1903,  January        14 

—  17  km 
-76 

"+-49 

Curtis 
Curtis 
Curtis 

The  spectrum  of  this  star  shows  very  few  lines.  The  Hy  line  is 
very  broad,  but  the  lines  due  to  helium  are  much  better  and  admit  of 
fairly  accurate  measurements. 

ir4  Orionis  (a  =  4h  46";    8  =  +  50  26'). 

The  variation  in  velocity  was  discovered  from  the  second  plate,  the 
observations  being  as  follows: 


Date 

Velocity 

Measured  by 

1902,  October         6 

1903,  January         4 
January        12 

+  43  km 

±    0 
+    6 

Curtis 
Curtis 
Curtis 

The  spectrum  is  very  similar  to  that  of  v  Andromedae. 

<r  Geminorum  (a  =  711  37m;    8  =  +  29°  7)- 

The  change  in  velocity  was  shown  in  the  second  plate  of  this  star. 
The  observations  are  as  follows : 


Date 

Velocity 

Measured  by 

1902,  March          16 

1903,  January        12 
January        13 
February      1 5 

+  74  km 

+  12 

+    9 
+  6q 

Reese 
Reese 
Reese 
Curtis 

The  lines  in  the  spectrum  of  this  star,  though  numerous,  are  rather 
hazy.     Still  they  admit  of  trustworthy  measurements. 

iArgus(a  =  8h3my,    8  =  -24°  1'). 
Director    Campbell    requests    me    to    announce    also    the    variable 
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velocity   of   t  Argus,  discovered    by    him    in    1898  from    the   second 
plate. 


Date 

Velocity 

Measured  by 

1897, 

February 

23 

-f-  41 .9  km 

Reese 

1898, 

February 

21 

+  49.5 

Reese 

1899, 

April 

12 

+  .49-8 

Reese 

April 

13 

+  50.3 

Reese 

1901, 

April 

9 

+  42.3 

Reese 

1902, 

February 

18 

+  46.3 

Reese 

H.  M.  Reese. 


February  21,  1903. 


A  STAR  WITH  A  GREAT  RADIAL  VELOCITY.1 

The  star  <f>3  Orionis  (a  =  5h  31";  8  =  4-9°  x5)  *s  interesting  on 
account  of  its  great  velocity  in  the  line  of  sight.  The  observations  are 
as  follows : 


Date 

Velocity 

Measured  by 

1902,    October       28 
November  24 
December   30 

4-   94  km 
-]-I02 

4-  96 

Curtis 
Curtis 
Curtis 

Although  the  spectrum  shows  reasonably  good  lines,  it  is  not  likely 
that  the  range  of  eight  kilometers  in  these  measurements  indicates  a 
real  variability  in  the  star's  motion,  for  the  second  plate  was  much 
underexposed. 

H.  M.  Reese. 

February  19,  1903. 


THE    SPECTRUM    OF    THE    NEBULOSITY    SURROUNDING 

NOVA  PERSE  L* 

The  remarkable  changes  of  position  and  brightness  observed  in 
the  nebulosity  around  Nova  Persei  have  made  it  desirable  to  accumu- 
late as  much  evidence  as  possible  bearing  upon  the  nature  of  these 
phenomena. 

Unfortunately,  physical  observations  were  not  attempted  during  the 
earlier  stages,  when  the  nebulosity  was  brighter.  At  the  time  of  the 
discovery  of   these   changes,  it   seemed   unlikely  that  any  satisfactory 

1  Lick  Observatory  Bulletin  No.  31.         a  Lick  Observatory  Bulletin  No.  33. 
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spectroscopic  observations  could  be  obtained,  owing  to  the  faintness  of 
the  nebulosity.  The  great  uncertainty  as  to  the  real  nature  of  the 
changes  and  the  almost  entire  lack  of  positive  evidence  seemed  to 
warrant  the  attempt,  notwithstanding  the  difficulties. 

A  small  slit-spectrograph,  to  be  used  with  the  Crossley  Reflector, 
was  designed  especially  for  the  problem.  Both  collimator  and  camera 
lenses  are  single  and  of  quartz ;  the  prism  is  also  of  quartz,  the  refract- 
ing angle  being  500.  Following  are  the  constants  of  the  spectrograph, 
including  those  of  the  telescope : 

Aperture  of  lenses  and  prism 1  %  inches 

Focal  length  of  collimator  and  camera  lenses      -         -         -  6      inches 

Refracting  angle  of  prism 500  14' 

Aperture  of  Crossley  Reflector 36  %  inches 

Focal  length  of  Crossley  Reflector 210      inches 

The  prism  and  lenses  were  mounted  directly  in  frames  of  brass  and 
attached  to  the  body  of  the  spectrograph,  which  was  constructed  of 
Spanish  cedar.  A  reflecting  slit  was  used,  and  guiding  was  accom- 
plished by  means  of  the  reflected  image  of  the  Nova  viewed  in  a  small 
telescope.  The  nebular  spectrum  occupied  the  central  0.2  inch  of  the 
slit,  on  either  side  of  which  was  photographed  a  comparison  spectrum 
of  hydrogen.  The  slit-width  was  reduced  to  0.002  inch  for  the  com- 
parison spectrum,  which  was  inserted  for  from  2s  to  5s  each  night  at 
about  the  middle  of  the  exposure. 

The  photographs  of  the  Nova  in  August  and  September  1902,  with 
exposures  of  7  to  11  hours,  showed  only  condensation  D  with  any 
certainty.  No  attempt  was  made,  therefore,  to  study  any  other  portion 
of  the  nebula.  The  slit  was  placed  approximately  parallel  to  a  circle 
of  declination,  and  by  estimation  across  the  densest  part  of  condensa- 
tion D.  This  region  was  free  from  small  stars.  The  region  covered 
was  \y2 '  south  and  from  1 '  west  to  4'  west  of  the  Nova, 

Under  the  above  conditions  and  with  a  slit-width  of  0.006  inch,  a 
negative  was  obtained  with  the  following  exposures: 


Duration 


1902,  October    31,  7h  40m 

November  I,  9      4 

November  2,  80 


November  4, 
Total, 


9     25 


Remarks 


Seeing  2  ;  sky  good. 

Seeing  3;  haze  in  the  beginning. 

Seeing  3  ;  some  haze  in  the   beginning  ;  stopped 

by  clouds. 
Seeing  3  ;  sky  good. 
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The  resulting  negative  shows  a  very  faint  spectrum  extending  from 
HP  to  about  X  360.  The  length  of  the  spectrum  is  o.n  inch.  There 
is  no  evidence  of  flexure  in  the  spectrograph,  nor  of  any  change  in  the 
position  of  the  plate  during  the  exposure.  As  the  exposure  on  October 
31  had  been  carried  through  the  first  traces  of  dawn,  a  negative  was 
made,  later,  under  as  nearly  the  same  conditions  as  possible,  to  make 
sure  that  the  spectrum  obtained  was  not  that  of  the  sky.  No  trace  of 
any  sky  spectrum  was  found  on  this  plate.  Another  plate  which  had 
been  exposed  in  the  brighter  dawn  to  obtain  a  faint  spectrum  of  the 
sky  for  comparison,  showed  that  the  sky  spectrum  was  unlike  that  of 
the  nebula  which  had  been  obtained.  With  such  low  dispersion  the 
sky  spectrum  between  HP  and  K  is  divided  into  two  bands  of  almost 
equal  extent  and  intensity  by  the  weaker  region  (full  of  absorption 
lines)  at  G.  These  and  other  considerations  seem  to  leave  no  doubt 
that  the  spectrum  obtained  is  that  of  the  nebulosity. 

In  the  spectrum  of  the  Nova  nebula  fully  three-fourths  of  the  light 
is  condensed  in  the  region  extending  from  HP  to  Hy;  above  Hy  the 
spectrum  is  extremely  faint,  and  is  lacking  entirely  from  about  A  380  to 
X  390.  In  the  upper  part  of  the  spectrum  there  appear  to  be  traces  of 
two  lines,  one  almost  coincident  with  H8  and  the  other  at  about  X  370. 
They  are  so  extremely  faint,  however,  that  their  existence  cannot  be 
affirmed  with  certainty. 

If  the  above  interpretation  is  correct,  the  spectrum  of  condensation 
D  resembles  that  of  the  Nova  during  the  first  few  days  of  its  great 
brightness  much  more  than  it  does  that  observed  since  July  1901.  So 
far  as  can  be  told  from  the  low  dispersion  used  and  the  weak  spectrum 
recorded,  the  general  appearance  of  the  spectrum  of  the  nebula  below 
X380  agrees  very  well  with  the  spectrum  of  the  Nova  obtained  by 
Campbell  and  Wright  in  February  1901.  With  the  conditions  under 
which  their  observations  were  made  most  of  the  light  of  the  Nova 
would  be  included  in  the  region  between  HP  and  Hy,  and  the  region 
between  X380  and  X  390  would  be  too  weak  to  show  in  a  faint  spectrum. 
This  is  also  true  of  the  region  below  Hp.  As  no  early  observations  of 
the  spectrum  of  the  Nova  high  up  in  the  violet  have  been  published, 
it  is  impossible  to  make  any  comparisons  between  the  two  spectra  in 
this  region,  where  some  lines  are  suspected  in  the  nebulosity. 

The  spectrum  of  the  nebulosity  does  not  agree  with  that  of  the 
Nova  observed  since  July  1901.  The  strongest  region  in  the  spectrum 
of  the  nebulosity  may  possibly  be  made  up  of  the  lines  between  HP 
and  Hy  which  the  low  dispersion  failed  to  separate  in  a  spectrum  so 
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weak,  although  this  seems  improbable.  The  positions  of  the  two  sus- 
pected lines  at  A  410  and  A  370  do  not  agree  at  all,  however,  with  the 
strongest  lines  in  the  later  spectrum  of  the  Nova.  There  are  certainly 
no  traces  in  the  nebulosity  of  any  lines  in  the  positions  of  those 
observed  in  the  Nova  at  A  387  and  A  397  by  Campbell  and  Wright,2 
nor  at  A  346,  where  a  very  strong  line  was  photographed  by  Mr.  Steb- 
bins,1  with  the  Crossley  Reflector.  These  lines  are  the  strongest  in 
the  photographic  spectrum  of  the  Nova  since  July  1901. 

The  spectrum  obtained  is  certainly  not  the  ordinary  bright-line 
spectrum  of  the  nebulae.  The  suspected  lines  at  A410  and  A370  may 
be  nebular  lines  which  occupy  approximately  these  positions.  The 
region  between  fffi  and  Hy>  however,  is  not  at  all  like  the  character- 
istic nebular  spectrum,  where  HP  and  Hy  (and  occasionally  A 469)  are 
the  only  strong  lines.  If  the  ordinary  nebular  spectrum  is  present  at 
all,  it  is  in  conjunction  with  another  spectrum,  probably  continuous, 
extending  from  A 434  to  A 487. 

To  still  further  test  the  identity  of  the  spectrum  secured,  three 
negatives  of  the  spectrum  of  the  Nova  were  obtained  on  February  17, 
1903,  with  the  same  spectrograph.  Exposures  of  10,  30,  and  60  min- 
utes were  given.  Ten  minutes  barely  sufficed  to  give  a  distinguishable 
spectrum.  One  hour  gave  a  spectrum  showing  the  five  principal  lines 
between  A  387  and  A  471.  There  are  traces  of  the  chief  nebular  line, 
-and  a  very  faint  spectrum  up  in  the  ultra-violet.  The  relative  intensi- 
ties of  the  lines  are  not  very  different  from  those  obtained  in  September 
and  October  1901,  by  Mr.  Stebbins  with  the  small  slitless  spectrograph 
attached  to  the  Crossley  Reflector. 

A  comparison  of  the  spectrum  of  the  Nova  on  February  17,  1903, 
and  that  of  the  nebulosity,  shows  that  they  are  not  identical.  The  line 
at  A  387,  which  is  one  of  the  strongest  in  the  spectrum  of  the  Nova, 
has  no  counterpart  whatever  in  the  nebula.  It  cannot  be  made  to 
coincide  with  the  slight  strengthening  in  the  nebula  at  A  370. 

The  conclusions  are,  therefore,  that  the  spectrum  of  condensation 
JD  observed  in  November  1902,  is  not  the  spectrum  of  a  gaseous 
nebula;  that  it  is  not  the  spectrum  of  the  Nova  since  the  latter  has 
become  nebular;  and  that  it  more  nearly  resembles  the  spectrum  of  the 
Nova  during  the  first  few  days  of  its  outburst.  The  question  as  to 
-what  epoch  in  the  star's  history  the  spectrum  of  the  nebulosity  should 
conform,  if  the  light  were  reflected,  is  a  difficult  one  to  decide  with  the 
■data  in  our  possession.     This  is  particularly  true  in  the  case  of  con- 

1  Lick  Observatory  Bulletin  No.  8. 
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densation  D.  Some  knowledge  of  the  real  distance  and  direction  of 
this  mass  from  the  star,  or  spectroscopic  observations  at  considerable 
intervals,  would  aid  materially  in  the  solution. 

The  preceding  spectroscopic  evidence  is  not  inconsistent  with  the 
theory  that  the  light  of  condensation  Z>,  at  least,  is  reflected  light 
emitted  by  the  Nova  at  the  time  of  its  greatest  brightness;  but  is  not 
strong  enough  to  establish  this  theory  in  the  face  of  conflicting  indica- 
tions already  pointed  out. 

The  spectrum  of  the  thirteenth-magnitude  star  at  approximately 
the  position-angle  of  2450  and  $%'  distant  from  the  Nova  is  also 
shown  on  the  negative,  this  star  having  occasionally  crossed  the  slit. 
Its  spectrum  appears  to  be  continuous,  and  extends  from  Hfi\o  Uy. 

I  am  indebted  to  Dr.  Campbell  for  suggestions  as  to  the  construc- 
tion of  the  spectrograph,  and  to  Dr.  H.  D.  Curtis  and  Fellows  R.  H. 
Curtiss  and  C.  A.  G.  Weymouth  for  assistance  in  making  the  observa- 
tions. 

C.  D.  Perrine. 

March  2,  1903. 

THE  SNOW  HORIZONTAL  TELESCOPE. 

I  am  glad  to  be  permitted  to  announce  that  Miss  Helen  E.  Snow, 
of  Chicago,  has  provided  for  the  reconstruction  of  the  coelostat 
reflecting  telescope  of  the  Yerkes  Observatory  as  a  memorial  to  her 
father,  the  late  George  W.  Snow.  Through  Miss  Snow's  generosity  it 
will  be  possible  to  build  the  telescope  in  permanent  and  substantial 
form,  and  to  provide  it  with  solar  and  stellar  spectrographs,  spectro- 
heliographs,  and  other  important  accessories.  The  great  superiority  of 
the  new  instrument  will  amply  compensate  for  the  delay  occasioned  by 
the  fire  of  last  December. 

George  E.  Hale. 
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THE  PRESSURE  DUE  TO  RADIATION.1 

By  E.  F.  Nichols  and  G.  F.  Hull. 

As  early  as  1619  Kepler2  announced  his  belief  that  the 
solar  repulsion  of  the  finely  divided  matter  of  comets'  tails  was 
due  to  the  outward  pressure  of  light.  On  the  corpuscular  theory 
of  light  Newton3  considered  Kepler's  idea  as  plausible  enough, 
but  he  was  of  the  opinion  that  the  phenomenon  was  analogous 
to  the  rising  of  smoke  in  our  own  atmosphere.  In  the  first  half 
of  the  eighteenth  century  DeMairan  and  DuFay4  contrived 
elaborate  experiments  to  test  this  pressure  of  light  theory  in  the 
laboratory,  but,  because  of  the  disturbing  action  of  the  gases 
surrounding  the  illuminated  bodies  employed  in  the  measure- 
ments, they  obtained  wholly  confusing  and  contradictory  results. 
Later  in   the   same   century  Rev.  A.  Bennet5  performed   further 

1  Presented  to  (he  American  Academy  of  Arts  and  Sciences,  April,  1903. 
a  DeMaiRAN,  TraiU1  physique  et  historijuc  de  V Aurore  borcale  (2d  ed.),  pp.  357, 
358.     Paris,  1754. 

3  Isaac i  Newtoni  Opera  quae  Existanl  Omnia.  Samuel  Horsley,  LL.D.,  K.S.S., 
Tom.  Ill,  pag.  156.     Londinium,  1782. 

4  DeMairan,  he.  cit.,  p.  371.  This  treatise  contains  also  the  accounts  of  still 
earlier  experiments  by  Hartsoeker,  p.  368,  and  Hombertf,  p.  369.  The  later  experi- 
ments are  of  more  historic  than  intrinsic  interest. 

s  A.  Bennet,  Phil.  Trans.,  p.  81,  1792. 
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experiments,  but  could  find  no  repulsive  force  not  traceable  to 
convection  currents  in  the  gas  surrounding  the  body  upon  which 
the  light  was  projected,  due  in  his  opinion  to  the  heating  effect  of 
the  rays.  Finding  no  pressure  due  to  radiation,  he  made  the  fol- 
lowing unique  suggestion  in  support  of  the  wave  theory  of  light: 

Perhaps  sensible  heat  and  light  may  not  be  caused  by  the  influx  or  recti- 
linear projection  of  fine  particles,  but  by  the  vibrations  made  in  the  univer- 
sally diffused  caloric  or  matter  of  heat  or  fluid  of  light.  I  think  modern 
discoveries,  especially  those  of  electricity,  favor  the  latter  hypothesis. 

In  the  meantime  Euler,1  accepting  Kepler's  theory  attributing 
the  phenomenon  of  comets'  tails  to  light  pressure,  had  hastened 
to  the  support  of  the  wave  theory  by  showing  theoretically  that 
a  longitudinal  wave  motion  might  produce  a  pressure  in  the 
direction  of  its  propagation  upon  a  body  which  checked  its 
progress.  In  1825  Fresnel2  made  a  series  of  experiments,  but 
arrived  at  no  more  definite  conclusion  than  that  the  repulsive 
and  attractive  forces  observed  were  not  of  magnetic  nor  electric 
origin. 

Crookes  3  believed  in  1873  that  he  had  found  the  true  radia- 
tion pressure  in  his  newly  invented  radiometer,  and  cautiously 
suggested  that  his  experiments  might  have  some  bearing  on  the 
prevailing  theory  of  the  nature  of  light.  Crookes's  later  experi- 
ments and  Zollner's4  measurements  of  radiometric  repulsions 
showed  that  the  radiometric  forces  were  in  some  cases  100,000 
times  greater  than  the  light  pressure  forces  with  which  they 
had  been  temporarily  confused.  Zollner's  experiments  are 
among  the  most  ingenious  ever  tried  in  this  field  of  work,  and 
he  missed  the  discovery  of  the  true  radiation  pressure  by  only 
the  narrowest  margin.  An  excellent  bibliography  of  the  whole 
radiometric  literature  is  given  by  Graetz,5  and  an  account  of 
some  of  the  older  experiments  not  mentioned  above  is  given 
by  Crookes.6 

1  L.  Kui.KK,  IIi\toire  de  !'  Acadnnie  royals  de  Berlin  (2),  p.  121,  1746. 

2  A.  Fkksnki..  Ann.  Chem.  ct  P/iys.,  29,  57,  107,  1825. 
*  W.  Crook  i;>,  /'////.  Trans,,  p.  501.  kS7v*. 

iV.  ZoiJ.NKR,  Po»\'.  Ann.,  160,  156.  200,  450,  1S77. 

■I..  (ikAi.lz.  Winkzdmann  <  Ilandhuch  der  PhysiK\  2/\  p.  262.      Breslau,  1S96. 

6\V.  Ckookks,  !oc.  i-//.,  p.  501. 
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In  1873  Maxwell,1  on  the  basis  of  the  electromagnetic  theory, 
showed  that  if  light  were  an  electromagnetic  phenomenon,  pres- 
sure should  result  from  the  absorption  or  reflection  of  a  beam  of 
light.  After  a  discussion  of  the  equations  involved,  he  says  : 
41  Hence  in  a  medium  in  which  waves  are  propagated  there  is  a 
pressure  in  the  direction  normal  to  the  waves  and  numerically 
equal  to  the  energy  in  unit  volume. "  Maxwell  computed  the 
pressure  exerted  by  the  Sun  on  the  illuminated  surface  of  the 
Earth,  and  added  : 

It  is  probable  that  a  much  greater  energy  of  radiation  might  be  obtained 
by  means  of  the  concentrated  rays  from  an  electric  lamp.  Such  rays  falling 
on  a  thin  metallic  disk,  delicately  suspended  in  a  vacuum,  might  perhaps 
produce  an  observable  mechanical  effect. 

Apparently  independent  of  Maxwell,  Bartoli 2  announced  in 
1876  that  the  Second  Law  of  Thermodynamics  required  the  exist- 
ence of  a  pressure  due  to  radiation  numerically  equal  in  amount 
to  that  derived  by  Maxwell.  Bartoli's  reasoning  holds  for  all 
forms  of  energy  streams  in  space,  and  is  of  more  general  appli- 
cation than  Maxwell's  equations.  Bartoli  contrived  elaborate 
experiments  to  verify  this  theory,  but  was  balked  in  the  search, 
as  all  before  him  had  been,  by  the  complicated  character  of  the 
gas  action,  which  he  found  no  way  of  eliminating  from  his 
experiments. 

After  Bartoli's  work,  the  subject  was  dealt  with  theoretically 
by  Boltzmann,3  Galitzine,4  Guillaume,5  Heaviside,6  and  more 
recently  by  Goldhammer.7     Fitzgerald,8  Lebedew,^  and    Hull10 

XJ.  C.  Maxwell,  A  Treatise  on  Electricity  and  Magnetism  (ist  ed.),  2,  391. 
Oxford,  1873. 

3  A.  Bartoli,  Sopra  i  movement!  prodotti  ddla  luce  el  dal  caloric,  Florence,  Le 
Monnier,  1876;  also  Nuovo  Cimento,  15,  103,  18S4. 

*  L.  Boltzmann,  Wied.  Ann.  22,  31,  201,  1884. 

4  B.  Galitzine,  Hied.  Ann.,  47,  479,  1S02. 

sCh.  Ed.  Guillaume,  Arch,  de  Gen.  (3),  31,  121,  1894. 
6().  Heaviside,  Electromagnetic  Theory,  1,  334.     London,  1S93. 
'  D.  A.  Goldhammer,  Ann.  der  Phys.,  4,  834,  1901. 
8G.  F.  Fitzgerald,  Proc.  Koy.  Sac.  Dub.,  1SS4. 

9  P.  Lkhedew,  Wied.  Ann.,  45,  292,  1892;  A<\  rophymual  Journal,  14,  155, 
1902. 

,0G.  F.  Hull,  Trans.  Astron.  Soc.  Toronto,  |>.  I  23,  1 90 1. 
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have  discussed  the  bearing  of  radiation  pressure  upon  the  New- 
tonian law  of  gravitation,  with  special  reference  to  the  repulsion 
of  comets'  tails  by  the  Sun.  The  theory  of  radiation  pressure, 
combined  with  the  known  properties  in  negative  electrons,  has 
recently  been  more  or  less  speculatively  applied  by  Arrhenius l 
to  the  explanation  of  many  cosmical  and  terrestrial  phenomena, 
among  which  the  following  may  be  mentioned  :  the  solar  corona, 
zodiacal  light,  gegenschein,  comets,  origin  of  cometary  and 
meteoric  material  in  space,  the  emission  of  gaseous  nebulae,  the 
peculiar  changes  observed  in  the  nebula  surrounding  Nova  Persei, 
the  northern  lights,  the  variations  in  atmospheric  electricity  and 
terrestrial  magnetism  and  in  the  barometric  pressure.  Schwarz- 
schild 2  computed  from  radiation  pressure  on  small  spherical 
conductors  the  size  of  bodies  of  unit  density  for  which  the  ratio 
of  radiation  pressure  to  gravitational  attraction  would  be  a 
maximum. 

Before  the  Congres  international  de  Physique  in  1900,  Pro- 
fessor Lebedew,3  of  the  University  of  Moscow,  described  an 
arrangement  of  apparatus  which  he  was  using  at  that  time  for 
the  measurement  of  light  pressure.  He  summarizes  the  results 
already  obtained  as  follows: 

Les  r£sultats  des  mesures  que  j'ai  faites  jusqu'ici  peuvent  se  r£sumer 
ainsi  :  L'exp£rience  montre  cju'un  faisceau  lumineux  incident  exerce  sur  les 
surfaces  planes  absorbantes  et  refl£chissantes  des  pressions  qui,  aux  erreurs 
pres  d'observation,  sont  dgales  aux  valeurs  calcul£es  par  Maxwell  et  Bartoli. 

No  estimate  of  the  "errors  of  observation"  was  given  in  the 
paper,  nor  other  numerical  data.  Unfortunately  the  proceedings 
of  the  Paris  Congress  did  not  reach  the  writers,  nor  any  intima- 
tion of  the  methods  or  results  of  Professor  Lebedew's  work, 
until  after  the  publication  of  their  own  preliminary  experiments. 
The   writers4   presented    the   results    they   had    obtained    by 

1  S.  A.  Arrilknius,  Lthrhuch  der  losmisc/wn  Physiky  Leipzig,  1903,  pp.  149-5S, 

200    20S,  22().  92O-5. 

=  K.  Srnw  \R/.<("HILI),  A\'/.  buyer.  Akademie  d.  Wissetnchaftcn,  31.  293,  1Q0I. 

"*I\  I,im;i»i:\v,  Rapport*  pn'scntt's  an  Co?igr?s  international  de  Physique  (2),  p. 
153.     Taris,  iooo. 

4  K.  F.  Xh'Hoi  s  ami  <  i.  F.  lli'i  T.,  Science,  14,  5SS  (October  18,1901);  Phys.  Rez\r 
13,  20 }  (November,  1001 );   A>  iKoi'ii  vsic.M.  Joi'RNAi.,  15,  p.  62  (January,  1902). 
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measurements  of  radiation  pressure  at  eight  different  gas  pres- 
sures, in  a  preliminary  communication  to  the  American  Physical 
Society,  meeting  with  Section  B  of  the  American  Association  at 
Denver,  August  29,  1901.  The  main  arguments  underlying  the 
method  of  measurement  of  the  radiation  pressure  may  here  be 
given. 

In  the  experiments  of  earlier  investigators  every  approach  to 
the  experimental  solution  of  the  problem  of  radiation  pressure 
had  been  balked  by  the  disturbing  action  of  the  gases  which  it 
is  impossible  to  remove  entirely  from  the  space  surrounding  the 
body  upon  which  the  radiation  falls.  The  forces  of  attraction 
or  repulsion,  due  to  the  action  of  gas  molecules,  are  functions, 
first,  of  the  temperature  difference  between  the  body  and  its 
surroundings,  caused  by  the  absorption  by  the  body  of  a  portion 
of  the  rays  which  fall  upon  it;  and,  second,  of  the  pressure  of 
the  gas  surrounding  the  illuminated  body.  In  the  particular 
form  of  apparatus  used  in  the  present  study,  the  latter  func- 
tion appears  very  complicated,  and  certain  peculiarities  of  the 
gas  action  remain  inexplicable  upon  the  basis  of  any  simple 
group  of  assumptions  which  the  writers  have  so  far  been  able 
to  make. 

Since  we  can  neither  do  away  entirely  with  the  gas  nor 
calculate  its  effect  under  varying  conditions,  the  only  hopeful 
approach  which  remains  is  to  devise  apparatus  and  methods  of 
observation  which  will  reduce  the  errors  due  to  gas  action  to  a 
minimum.  The  following  considerations  led  to  a  method  by 
which  the  elimination  of  the  gas  action  was  practically  accom- 
plished in  the  present  experiments : 

1.  The  surfaces  which  receive  the  radiation,  the  pressure  of 
which  is  to  be  measured,  should  be  as  perfect  reflectors  as  pos- 
sible. This  will  reduce  the  gas  action  by  making  the  rise  of 
temperature  due  to  absorption  small,  while  the  radiation  pressure 
will  be  increased;  the  theory  requiring  that  a  beam,  totally 
reflected,  shall  exert  twice  the  pressure  of  an  equal  beam,  com- 
pletely absorbed. 

2.  By  studying  the  action  of  a  beam  of  constant  intensity 
upon  the  same  surface  surrounded  by  air  at  different  pressures, 
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certain  pressures  may  be  found  where  the  gas  action  is  less  than 
at  others. 

3.  The  apparatus  —  some  sort  of  torsion  balance — should 
carry  two  surfaces  symmetrically  placed  with  reference  to  the 
rotation  axis,  and  the  surfaces  of  the  two  arms  should  be  as 
nearly  equal  as  possible  in  every  respect.  The  surfaces  or  vanes 
should  be  so  constructed  that  if  the  forces  due  to  gas  action 
(whether  suction  or  pressure  on  the  warmer  surface)  and  radia- 
tion pressure  have  the  same  sign  in  one  case,  a  reversal  of  the 
suspension  should  reverse  the  gas  action  and  bring  the  two 
forces  into  opposition.  In  this  way  a  mean  of  the  forces  on  the 
two  faces  of  the  suspension  should  be,  in  part  at  least,  free  from 
gas  action. 

4.  Radiation  pressure,  from  its  nature,  must  reach  its  maxi- 
mum value  instantly,  while  observation  has  shown  that  gas 
action  begins  at  zero  and  increases  with  length  of  exposure, 
rising  rapidly  at  first,  then  more  slowly  to  its  maximum  effect, 
which,  in  many  of  the  cases  observed,  was  not  reached  until  the 
exposure  had  lasted  from  two  and  a  half  to  three  minutes.  For 
large  gas  pressures  an  even  longer  exposure  was  necessary  to 
reach  stationary  conditions.  The  gas  action  may  be  thus  still 
further  reduced  by  a  ballistic  or  semi-ballistic  method  of  meas- 
urement. 

Ballistic  observations  of  radiation  pressure  were  made  at  air 
pressures  ranging  from  96.3  mm  to  0.06  mm  of  mercury.  The 
average  radiation  pressure  of  the  standard  beam  was  found  to  be 
1.05  X  io-4  dyne,  with  a  probable  error  of  6  per  cent.  To  com- 
pare this  value  of   the   pressure  with   the   theoretical  value  as 

given    by   the   Maxwell-Bartoli    formula,  /  —  — — ^ ,   it   was 

necessary  to  measure  E,  the  energy  of  the  beam.  This  was  done 
by  a  bolomctric  method  in  which  the  measurement  of  the  energy 
was  made  to  depend  upon  the  resistance  of  the  bolometer  strip. 
Using  the  value  of  the  energy  thus  obtained  and  0.92 x  as  the 
reflection  coefficient  of  the  silver  surfaces,  it  was  found  that  the 

1  This  value  was  obtained  from  the  measurements  of  Langley,  Rubens,  Nichols. 
and  I'aschen  for  the  assumed  mean  wave-length  of  the  beam. 
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pressure  directly  observed  was  about  20  per  cent,  lower  than 
that  computed  from  the  Maxwell-Bartoli  formula.  After  the 
publication  of  the  paper  it  was  found  that  an  error  had  been 
made  in  the  measurement  of  the  resistance  of  the  bolometer 
strip,  owing  to  a  fault  in  its  construction.  A  new  estimation  of 
the  resistance  gave  an  energy  value  which  brought  the  theoreti- 
cal value  of  the  pressure  very  close  to  that  found  by  direct 
measurement.  But  another  method  of  measuring  the  energy 
was  adopted  in  the  later  experiments  described  in  this  paper. 

In  the  number  of  the  Annalen  der  Physik  for  November,  1901, 
Professor  Lebedew1  published  the  results  of  a  more  varied  series 
of  measurements  of  radiation  pressure  than  the  early  measure- 
ments of  the  present  writers.  The  principal  difference  between 
the  methods  employed  by  him  and  by  the  writers  for  deter- 
mining the  pressure  was  that  he  used  very  thin  metallic  vanes 
surrounded  by  gas  at  extremely  low  pressures,  thus  following 
Maxwell's  suggestion  literally,  while  the  writers  used  silvered 
glass  vanes  and  worked  at  large  gas  pressures  for  which  the  gas 
action  had  been  carefully  and  exhaustively  studied  and  found  to 
be  negligibly  small  for  short  exposures.  From  our  knowledge 
of  the  variation  of  gas  action  in  different  vacua,  we  feel  sure  that 
our  method  would  not  have  been  successful  in  high  vacua 
because  of  the  relatively  large  gas  action.  Professor  Lebedew 's 
own  results,  with  blackened  vanes  of  lower  heat  conductivity, 
show  that  his  success  in  eliminating  gas  disturbance  was  due  to 
the  high  heat  conductivity  of  thin  vanes  rather  than  to  the  high 
vacua  employed. 

Professor  Lebedew's3  estimate  of  the  accuracy  of  his  work  is 
such  as  to  admit  of  possible  errors  of  20  per  cent,  in  his  final 
results.  An  analysis  of  Professor  Lebcdew's  paper  and  compari- 
son with  our  preliminary  experiments  seem  to  show  that  his 
accidental  errors  were  larger  than  ours,  but  through  the  undis- 
covered false  resistance  in  the  bolometer  our  final  results  were 
somewhat  farther  from  the  theory  than  his.  Either  of  the  above 
researches  would  have  been  sufficient  to  establish   the  existence 

1  P.  Lebedew,  Ann.  der  Phys.y  6,  433,  1901. 

2  P.  Lebedew,  Ann.  der  P/iys.,  6,  457,  1 901. 
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of  a  pressure  due  to  radiation,  but  neither  research  offered,  in 
our  judgment,  a  satisfactory  quaiititative  confirmation  of  the 
Maxwell-Bartoli  theory. 

LATER    PRESSURE    MEASUREMENTS. 

Description  of  apparatus:  the  torsion  balance. — The  form  of  sus- 
pension of  the  torsion  balance,  used  to  measure  radiation  pres- 
sure in  the  present  study,  is  seen  in  Fig.  I.  The  rotation  axis 
ab  was  a  fine  rod  of  drawn  glass.  A  drawn-glass  cross-arm  r, 
bent  down  at  either  end  into  a  small  hook,  was  attached  to  the 
axis.  The  surfaces  C  and  D,  which  received  the  light  beam, 
were  circular  microscope  cover-glasses,  12.8  mm  in  diameter  and 
0.17mm  thick,  weighing  approximately  51  mg  each.  To  dis- 
tinguish the  two  vanes  from  each  other,  in  case  individual  differ- 
ences should  appear  in  the  measurements,  and  also  to  mark  the 
two  faces  of  each  vane  for  subsequent  recognition,  a  letter  C 
was  marked  on  one,  and  D  on  the  other,  by  diamond  scratches. 
Through  each  glass  a  hole  0.5  mm  or  less  in  diameter  was 
drilled  near  the  edge,  by  means  of  which  the  glasses  could  be 
hung  on  the  hooks  on  the  cross-arm  c.  On  opposite  sides  of  the 
rotation  axis  at  d  two  other  drawn-glass  cross-arms  were 
attached.  The  cover-glasses  slipped  easily  between  these,  and 
were  thus  held  securely  in  one  plane.  Farther  down  on  ab,  a  small 
silvered  plane  mirror  ;;/,  was  made  fast  at  right  angles  to  the 
plane  of  C  and  D.  This  mirror  was  polished  bright  on  the  silver 
side,  so  that  the  scale  at  Ss  (Fig.  2)  could  be  read  in  either  face. 
A  small  brass  weight  ?nx  (Fig.  1),  of  452  mg  mass  and  of  known 
dimensions,  was  attached  at  the  lower  end  of  ab.  The  cover- 
glasses  which  served  as  vanes  were  silvered  and  brilliantly 
polished  on  the  silvered  sides,  and  so  hung  on  the  small  hooks 
that  both  silver  faces  or  both  glass  faces  were  presented  to  the 
light.  A  quartz  fiber/,,  3  cm  long,  was  made  fast  to  the  upper 
end  of  a  by  and  to  the  lower  end  of  a  fine  glass  rod  dx  which 
carried  a  horizontal  magnet  ///,.  The  rod  dx  was  in  turn  sus- 
pended bv  a  short  fiber  to  a  steel  pin  e,  which  could  be  raised  or 
lowered  in  the  bearing//.  The  whole  was  carried  by  a  bent  glass 
tube  A  firmly  fastened  to  a  solid  brass  foot  F,  resting  on  a  plane 
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ground-glass  plate  Pt  cemented  to  a  brass  platform  mounted  on 
three  leveling  screws  not  shown.  A  bell-jar  B,  25  cm  high  and 
1 1  cm  in  diameter,  covered  the  balance.  The  flange  of  the  bell- 
jar  was  ground  to  fit  the  plate  P.  A  ground-in  hollow  glass 
stopper  fitted  the  neck  of  the  bell-jar,  which  could  thus  be  put  in 


'QD 


™t 


1        1 1 »— — 1 


Fir..  1. 


connection  with  a  system  of  glass  tubes  leading  to  a  Gcissler 
mercury  pump,  a  MacLeod  pressure  gauge,  and  a  vertical  glass 
tube  dipping  into  a  mercury  cup  and  serving  as  a  rough  mano- 
meter for  measuring  the  larger  gas  pressures  employed  during 
the  observations.  The  low  pressures  were  measured  on  the 
MacLeod  gauge  in  the  usual  way.  A  semicircular  magnet  /!/, 
fitted  to  the  vertical  curvature  of  the  bell-jar,  was  used  to 
direct  the  suspended   magnet  m.3  and  thus  to  control  the  zero 
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position  of  the  torsion  balance.  By  turning  M  through  1800, 
the  opposite  faces  of  the  vanes  C  and  D  could  be  presented  to 
the  light. 

THE    ARRANGEMENT    OF    APPARATUS. 

A  horizontal  section  of  the  apparatus  through  the  axis  of  the 
light  beam  is  shown  in  Fig.  2.  The  white-hot  end  of  the  hori- 
zontal carbon  Slt  of  an  A.  T.  Thompson  900  arc-lamp,  fed  by 
alternating  current,  served  as  a  source.  The  arc  played  against 
the  end  of  the  horizontal  carbon  from  the  vertical  carbon  which 
was  screened  from  the  lenses  Lt  and  L2  by  an  asbestos  diaphragm 
rf,.  A  lens,  not  shown,  projected  an  enlarged  image  of  the  arc 
and  carbons  on  an  adjacent  wall,  so  that  the  position  of  the 
carbons  and  the  condition  of  the  arc  could  be  seen  at  all  times 
by  both  observers. 

The  cone  of  rays  passing  through  the  small  diaphragm  da  fell 
upon  the  glass  condensing  lenses  Ltt  La.  At  d3  a  diaphragm, 
1 1.25  mm  in  diameter,  was  interposed,  which  permitted  only  the 
central  portion  of  the  cone  of  rays  to  pass.  Just  beyond  d3,  the 
beam  passed  to  a  shutter  at  Sa.  This  shutter  was  worked  by  a 
magnetic  escapement,  operated  by  the  seconds  contact  of  a 
standard  clock.  The  observer  at  Tx  might  choose  the  second 
for  opening  or  closing  the  shutter,  but  the  shutter's  motion 
always  took  place  at  the  time  of  the  second's  contact  in  the 
clock.  Any  exposure  was  thus  of  some  whole  number  of 
seconds'  duration.  The  opening  in  the  shutter  was  such  as  to 
let  through,  at  the  time  of  exposure,  all  of  the  direct  beam  which 
passed  through  d,,  but  to  shut  out  stray  light.  Just  beyond  the 
shutter  and  attached  to  the  diaphragm  d5  was  a  45 °  glass  plate 
which  reflected  a  part  of  the  beam  to  the  lens  Z5,  by  means  of 
which  an  image  of  dx  was  projected  upon  one  arm  of  a  bolometer 
at  R.  The  glass  lens  L,  focused  a  sharp  image  of  the  aperture 
dK  in  the  plane  of  the  vanes  of  the  torsion  balance  Blt  under 
the  bell-jar.  The  bell-jar  was  provided  with  three  plate-glass 
windows  IV ^  IV ,  \\\.  The  first  two  gave  a  circular  opening  42  mm 
in  diameter,  and  through  the  third,  deflections  of  the  balance 
were  read  by  a  telescope  and  scale.  The  lens  Z,  was  arranged 
to  move   horizontally  between   the  stops  .S",  and  SA.     These  were 
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so  adjusted  that  when  the  lens  was  against  5?  the  sharp  image  of 
the  aperture  d3  fell  centrally  upon 
one  vane;  and  when  against  S4 
the  image  fell  centrally  upon  the 
other.  This  adjustment,  which 
was  a  very  important  one,  was 
made  by  the  aid  of  a  telescope 
7^,  mounted  on  the  carriage  of  a 
dividing  engine.  This  was  used 
to  observe  and  measure  the  posi- 
tion of  the  rotation  axis,  as  well 
as  the  positions  of  the  images  of 
dv  when  the  lens  Z3  was  against 
the  stops.  For  the  latter  measure- 
ments the  vanes  could  be  moved 
out  of  the  way  by  turning  the 
suspension  through  900  by  the 
control  magnet  M  (Fig.  1). 

To  make  sure  that  the  balance 
as  used  was  entirely  free  from  any 
magnetic  moment  or  disturbance, 
the  small  magnet  m3  was  clamped 
in  one  position  to  maintain  a  con- 
stant zero,  and  the  period  of  the 
balance  was  accurately  measured 
with  the  axis  of  the  large  magnet 
M  in  the  vertical  plane  of  the 
vanes  and  again  when  the  axis 
was  at  right  angles  to  the  plane  of 
the  vanes.  Several  series  of  this 
sort  failed  to  show  a  difference  of 
0.1  second  in  the  period  of  the 
balance  for  the  two  positions  of 
the  magnet. 

The  bolometer  at  R  (Fig.  2) 
was  of  sheet  platinum  0.00 1  mm 
thick,  rolled  in  silver.     The  strip  was  cut  out  in  the  form  shown 
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in  Fig.  3,  and  mounted  on  a  thin  sheet  of  slate  5.  Two  windows 
had  been  cut  in  the  slate  behind  the  strips  at  ABCD  where 
the  silver  had  been  removed  leaving  the  thin  platinum.  The 
platinum  surfaces  were  blackened  by  Kurlbaum's  process.  The 
image  from  Ls  (Fig.  2),  fell   at  D.     The  silver  ends  between  A 
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and  C  were  connected  with  E  and  F  respectively.  On  the  heavy 
wire  £Fa  sliding  contact  c  served  to  balance  the  bridge,  all  four 
arms  of  which  are  shown  in  the  figure. 


METHODS    OF    OBSERVATION. 

The  observations  leading  to  the  results  given  later  were  of 
three  different  kinds:  (i)  the  calibration  of  the  torsion  bal- 
ance; (2)  the  measurement  of  the  pressure  of  radiation  in  terms 
of  the  constant  of  the  balance;  and  (3)  the  measurement  of  the 
energy  of  the  same  beam  in  erg-seconds  bv  the  rate  of  tempera- 
ture rise  of  a  blackened  silver  disk,  of  known  mass  and  specific 
heat. 

1.  The  determination  of  the  constant  of  the  torsion  balance 
was  made  by  removing  the  vanes  C  and  D  and  accurately  meas- 
uring the  period  of  vibration.  Its  moment  of  inertia  was  easily 
computed  from  the  masses  and  distribution  of  the  various  parts 
about  the  axis  of  rotation.  The  moment  of  torsion  for  I  mm 
deflection  on  a  scale  105  cm  distant  was  0.363  X  I0~5  dyne  X  cm. 
This  value  divided  bv  one-half  the  distance  between  the  centers 
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of  the  light  spots  on  the  two  vanes  gave  the  force  in  dynes  per 
scale  division  deflection.  As  the  light  spots  were  circles  1 1.25  mm 
in  diameter  the  area  of  the  image  was  very  nearly  1  sq.  cm, 
hence  the  above  procedure  gave  roughly  the  pressure  in  dynes 
per  square  centimeter. 

2.  In  the  measurements  of  radiation  pressure,  it  was  easier  to 
refer  the  intensity  of  the  beam  at  each  exposure  to  some  arbi- 
trary standard  which  could  be  kept  constant  than  to  try  to  hold 
the  lamp  as  steady  as  would  otherwise  have  been  necessary.  For 
this  purpose,  the  bolometer  at  R  (Fig.  2)  was  introduced,  and 
simultaneous  observations  were  made  of  the  relative  intensity  of 
the  reflected  beam  by  the  deflection  of  the  galvanometer  G2r 
and  the  pressure  due  to  the  transmitted  beam  by  the  deflection 
of  the  torsion  balance.  The  actual  deflection  of  the  balance 
was  then  reduced  to  a  deflection  corresponding  to  a  galvanometer 
deflection  of  100  scale  divisions.  The  galvanometer  sensitive- 
ness was  carefully  tested  at  the  beginning  and  end  of  each  even- 
ing's work.  All  observations  of  pressure  were  thus  reduced  to 
the  pressure  due  to  a  beam  of  fixed  intensity. 

At  each  series  of  radiation  pressure  measurements,  two  sets 
of  observations  were  made.  In  one  of  these  sets,  static  condi- 
tions were  observed,  and  in  the  other,  the  deflections  of  the 
balance  due  to  short  exposures  were  measured.  In  the  static 
observations,  each  vane  of  the  balance  was  exposed  in  turn  to 
the  beam  from  the  lamp,  the  exposures  lasting  until  the  turning 
points  of  the  swings  showed  that  stationary  conditions  had  been 
reached.  The  moment  of  pressure  of  radiation  and  gas  action 
combined  would  thus  be  equal  to  the  product  of  the  static  deflec- 
tion and  the  constant  of  the  balance.  The  torsion  system  was 
then  turned  through  180°  by  rotating  the  outside  magnet,  and 
similar  observations  were  made  on  the  reverse  side  of  the  vanes. 
All  turning-points  of  the  swinging  balance  in  these  observations 
were  recorded.  From  the  data  thus  obtained  the  resultant  of 
the  combined  radiation  and  gas  forces  could  be  determined  for 
the  time  of  every  turning-point.  Every  value  was  divided  by 
the  deflection  at  standard  sensitiveness  of  the  galvanometer  GA 
read  at  the  same  time  and  was  thus   reduced   to  standard  lamp. 
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Results  thus  obtained,  together  with  the  ballistic  measurements, 
showed  the  direction  and  extent  of  the  gas  action  as  well  as  its 
variation  with  length  of  exposure. 

The  reasons  for  reversing  the  suspension  follow:  The  beam 
from  the  lamp,  before  reaching  the  balance,  passed  through 
three  thick  glass  lenses  and  two  glass  plates.  All  wave-lengths 
destructively  absorbed  by  the  glass  were  thus  sifted  out  of  the 
beam  by  the  time  it  reached  the  balance  vanes.  The  silver  coat- 
ings on  the  vanes  absorbed  therefore  more  than  the  glass.  The 
radiation  pressure  was  always  away  from  the  source,  irrespective 
of  the  way  the  vanes  were  turned,  while  the  gas  action  would  be 
exerted  mainly  on  the  silvered  sides  of  the  vanes. 

At  the  close  of  the  pressure  and  energy  measurements,  when 
the  reflecting  power  of  the  silver  faces  of  the  vanes  was  com- 
pared with  that  of  the  glass-silver  faces,  the  reflection  from  the 
silver  faces  was  found  very  much  higher  than  that  for  the  glass 
faces  backed  by  silver.  This  result  was  the  more  surprising 
because  the  absorption  of  the  unsilvered  vanes  was  found  by 
measurement  to  be  negligibly  small.1  This  unexpected  differ- 
ence in  reflecting  power  of  the  two  faces  of  the  mirrors  pre- 
vented the  elimination  of  the  gas  action,  by  the  method  described, 
from  being  as  complete  as  had  been  hoped  for.  But  by  choos- 
ing a  gas  pressure  where  the  gas  action  after  long  exposure  is 
small,  the  whole  gas  effect  during  the  time  of  a  ballistic  expo- 
sure may  be  so  reduced  as  to  be  of  little  consequence  in  any 
case. 

By  exposing  each  of  the  vanes  in  turn  and  by  reversing  the 
suspension  and  averaging  results,  nearly  all  errors  due  to  lack  of 
symmetry  in  the  balance  or  in  the  position  of  the  light  images 
with  reference  to  the  rotation  axis,  or  errors  due  to  lack  of 
uniformity  in  the  distribution  of  intensity  in  different  parts  of 
the  image,  could  be  eliminated. 

The  changing  character  of  the  gas  action,  both  with  time  of 
exposure  and  gas  pressure  surrounding  the  balance  vanes,  is  well 
illustrated    in   eight   series   of  static    observations  in  which   the 

'Lord  Raylficii  records  a  similar  difference  between  the  reflection  from  air- 
Mlver  and  glass-Mlver  surface**.     Sticufijic  Pdfrrs,  Cambridge,  2,  538—539,  1900. 
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glass  faces  of  both  vanes  were  exposed.1     The  results  obtained 
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on  the  two  vanes  were  averaged  and  plotted  as  curves  in  Fig.  5, 

'Observations  were  also  made  on  the  silver  faces,  but  the  gas  action  when  the 
glass  faces  were  exposed  was  nearly  double  that  fur  the  silver  face>,  ><>  the  least 
favorable  case  is  shown. 
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where  static  deflections  due  to  combined  radiation  pressure  and 
gas  action  are  shown  as  ordinates  and  duration  of  exposure,  in 
seconds,  as  abscissae.1  A  horizontal  line  through  the  diagram 
gives  the  mean  value  of  the  moment  of  radiation  pressure  com- 
puted from  the  data  in  Table  I.  Decrease  of  the  deflection 
with  time  indicates  gas  repulsion  on  the  warmed  silver  faces  and 
increase  in  deflection,  gas  suction.  It  will  be  seen  from  the 
curves  that  beginning  at  a  gas  pressure  of  66  mm  of  mercury, 
the  gas  action  was  repulsion  changing  to  suction  in  passing  from 
19.8  to  11.2  mm.  In  the  last  two  cases  the  total  gas  action  is 
small.  For  lower  pressures  the  suction  increases  to  0.05  mm. 
At  a  gas  pressure  of  0.02  mm  the  gas  action  is  again  a  strong 
repulsion. 

The  curves  indicate  the  existence  of  two  gas  pressures,  at 
which  the  gas  action  in  our  arrangement  of  apparatus  should  be 
zero,  one  between  19.8  and  1 1.2  mm  and  the  other  between 
0.05  and  0.02  mm.2  The  former  region  was  chosen  for  the 
ballistic  measurements  and  nearly  all  of  the  observations  were 
made  at  a  gas  pressure  of  approximately  16  mm.  Even  for  the 
two  pressures  where  the  decrease  in  the  static  deflection  was 
most  rapid,  /.  e.,  at  gas  pressures  of  66  and  0.02  mm,  the  first 
throw  was  always  in  the  direction  of  radiation  pressure.  The 
gas  action  is  strongly  influenced  by  very  slight  changes  in  the 
inclination  of  the  plane  of  the  vanes  to  the  vertical  and  also 
by  any  object  introduced  under  the  bell-jar  anywhere  near  the 
vanes.  F*or  instance,  a  very  considerable  effect  was  observed 
when  a  small  vessel  of  phosphoric  anhydride  was  placed  under 
the  jar  behind  the  vanes,  though  the  nearest  wall  of  the  vessel 
was  separated  from  the  vanes  by  a  distance  of  at  least  3  cm. 

During  the  observations,  the  polished  silver  coatings  on  the 
vanes  deteriorated  rapidly  ;  new  coatings  rarely  lasted  for  more 
than  two  evenings'  work.     As  the  balance  had  to  be  removed 

'Ordinates  of  the  curves  are  proportional  to  moments. 

2Cr«iokes  in  his  work  with  the  radiometer  discovered  certain  gas  pressures  for 
which  the  combined  gas  and  radiation  forces  neutralized,  but  as  he  did  not  discrimi- 
nate between  forces  due  to  radiation  and  gas  forces  his  results  were  apparently 
capricious  and  his  reasoning  somewhat  confused.     See  Phil.  Trans. ,  p.  519,  1875. 
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and  the  mirrors  taken  from  the  hooks,  silvered,  polished,  and 
replaced  a  great  number  of  times  during  the  entire  series  of 
measurements,  although  great  care  was  taken  in  setting  the  plane 
of  the  vanes  vertical,  it  is  not  likely  that  precisely  the  same 
conditions  for  gas  action  were  ever  repeated.  The  principal 
value  of  the  static  results  was  in  indicating  favorable  gas 
pressures  for  work,  rather  than  affording  quantitative  estimates 
of  the  gas  action  in  short  exposures.  The  dotted  parts  of  the 
curves  are  not  based  on  results  of  observation  and  might  perhaps 
have  been  omitted  without  loss. 

It  was  plain,  therefore,  that  further  elimination  of  the  gas 
action  must  be  sought  in  exposures  so  short  that  the  gas  action 
would  not  have  time  to  reach  more  than  a  small  fraction  of  its 
stationary  value.  This  led  to  the  method  of  ballistic  observa- 
tions. 

THE    BALLISTIC    OBSERVATIONS. 

In  passing*  from  the  static  to  the  ballistic  observations  it 
must  always  be  possible  to  compute  the  static  equivalent  of  the 
ballistic  swings.  Furthermore  the  exposures  should  be  made  as 
short  as  possible  without  reducing  the  size  of  the  swing  below  a 
value  which  can  be  accurately  measured. 

If  the  exposure  lasts  for  one-half  the  period  of  the  balance, 
the  deflection,  if  the  gas  action  be  small,  and  the  damping  zero,  is 
equal  to  20  where  6  is  the  angle  at  which  the  torsion  of  the  fiber  will 
balance  the  moment  produced  by  the  radiation  pressure.  If  the 
duration  of  the  exposure  be  one-quarter  of  the  period  of  the 
balance,  the  angle  of  deflection  is  6\  2.  The  deflection  is  thus 
reduced  by  30  per  cent.,  but  the  effect  of  the  gas  action  is 
reduced  in  greater  proportion.  It  was  decided,  therefore,  to 
expose  for  six  seconds,  one-quarter  of  the  balance  period. 
Neglecting  the  gas  action,  the  equation1  of  motion  of  the  bal- 
ance is  given  by 

830  dO 

1  We  are  justified  in  using  quantitatively  this  equation,  containing  a  damping 
term  proportional  to  the  velocity,  because  the  amplitudes  of  the  successive  swings  of 
the  torsion  balance,  when  no  energy  fell  upon  the  vanes,  were  found  experimentally 
to  follow  accurately  the  exponential  law. 
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where  k  =  the  moment  of  inertia  of  the  torsion  balance, 
e  ~  the  damping  constant, 

G  — -  the  moment  of  torsion  of  the  fiber  for  6  —  I  radian, 
and  L  •—  the  moment  of  the  radiation  force. 
The  solution  of  this  equation  is 

A     L  \        -*>        \g     e    * 
e  =  G)l-e      C<*\7-?'1' 


=  -/;•(    \  —  e         COS  27T 


t}-  <«> 


the  constants  of  integration  having  been  determined  from  the 
condition  that 

8  =  k-  =  o  when  /  =  o  . 

When 

/=-4  ,  9 ---j.  and  a/     ;g(-,  -    cos24+,  -    £  sin  „-£).  (a) 

The  light  being  cut  off  when  /=--,  the  equation  of  motion 
becomes  ^  w 

the  solution  of  which  is  6  —  Ac  *  cos(2w— +«),  where  A  and  a 
can  be  determined  by  the  conditions  imposed  by  equation  (2). 
Neglecting  very  small  quantities,  the  value  of  the  amplitude  A 
is  expressed  by  the  equation 

^£{,+r+^,o^>)P'  (4) 

where  r  is  the  ratio  of  successive  amplitudes  of  the  damped 
vibrations.      If  r=i,  that    is,  if   the   motion   is    undamped,  A  — 

^,1  2  .  In  the  partial  vacuum  used  in  the  experiments  (16  mm 
of  mercury,  a  value  chosen  from  the  curves  in  Fig.  4),  r  was 
found  to  be  equal  to  O.7X3  ;   consequently  A  =  1.357  y\ .  (5) 

From  this  it  is  seen  that  the  total  angle  of  deflection  of  the 
torsion  balance  in  the  ballistic  measurements  is  equal  to  1.357 
times  the  angle  at  which  the  moment  of  the  torsion  of  the  fiber 
balances  the  moment  of  the  radiation  pressure. 
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The  duration  of  exposure  was  always  six  seconds  without 
appreciable  error,  but  the  period  of  the  balance  on  account  of 
slight  accidental  shifting  of  small  additional  masses  upon  the 
counterpoise  weight  m3  (Fig.  i),  differed  from  twenty-four 
seconds  sometimes  by  I  per  cent.  It  is  necessary,  therefore,  to 
find  the  error  in  the  deflection  due  to  this  variation  in  the  period. 

T 

This  is  done  by  making  /  = \-  8  in  equation  (2)  and  in  intro- 
ducing the  new  conditions  in  equation  (3).  But  it  is  simpler 
and  sufficiently  accurate  to  assume  the  motion  as  undamped. 
For  this  condition  the  amplitude 

A  =  -  \  2  +  2  sin  27T—  £  *=  1/2  — f  1  +  *r   -J  nearly. 

T 

For  T  —  23.75  seconds,  —  --—  5.94  and  8  =  0.06.     Hence 

4 

A  =  V2  -(1.008). 

If  8  -=o,  A  ■=  V 2  -  ,  consequently  an  error  of   1  per  cent,  in  7 

causes  an  error  of  0.8  per  cent,  in  A. 

To  make  sure  that  the  observed  radiation  pressures  depended 
only  on  the  intensity  of  the  beam,  and  were  uninfluenced  by  the 
wave-length  of  the  incident  energy,  the  ballistic  observations  of 
pressure,  the  thermal  measurements  of  intensity,  and  the  deter- 
mination of  the  reflection  coefficients,  were  carried  out  for  three 
entirely  different  wave-groups  of  the  incident  radiation.  In  the 
measurements  designated  "  through  air,"  no  absorbing  medium 
was  introduced  in  the  path  of  the  beam  between  the  lamp  and 
the  balance  except  the  glass  lenses  and  plates  already  mentioned. 
In  the  measurements  "through  red  glass,"  a  plate  of  ruby  glass 
was  put  in  the  path  of  the  beam  between  Z3  and  d^  (Fig.  2 ).  For 
the  observations  "through  water  cell,"  a  9  mm  layer  of  distilled 
water  in  a  glass  cell  was  placed  in  the  path  of  the  beam  at  the 
same  point. 

The  separate  observations  entering  into  a  single  series  of 
ballistic  measurements  and  their  treatment  will  appear  from 
Table  II,  which  is  copied  direct  from  the  laboratory  notebook 
and   represents   an   average    ballistic    series.     The    designations 
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£VCS1  WVDS,  EVDe,  WVCg  mean  that  the  vane  C  in  the  first 
case  was  on  the  east  side  of  the  rotation  axis  with  its  silver  face 
toward  the  light.  The  subscript  £*  signifies  that  the  glass  face  of 
the  vane  was  toward  the  light.  The  second  column  of  the  table 
gives  the  zero  reading  of  the  balance  before  opening  the  shutter  ; 
the  third,  the  end  of  the  swing  produced  by  a  six-second  expo- 
sure ;  the  fourth,  the  deflection  of  the  balance  ;  the  fifth,  the 
ballistic  deflection  of  the  lamp  galvanometer  G2.  Columns  six 
and  seven  give  the  balance  deflection  reduced  to  standard  lamp. 
The  results  of  all  the  ballistic  pressure  measurements  "  through 
air"  are  collected  in  Table  II.  In  the  fourth  and  fifth  columns 
two  values  are  given  for  the  constant  of  the  lamp  galvanometer 
Gs,  since  reversing  the  magnet  on  the  balance  bell-jar  to  reverse 
the  suspension  within  affected  the  constant  of  the  galvanometer 
slightly,  the  values  for  the  silver  and  glass  faces  forward  were 
never  the  same.  The  subscripts  show  to  which  series,  silver  or 
glass,  the  constant  belongs.  The  values  of  the  lever-arm  /  of  the 
balance,  in  the  sixth  column,  are  obtained  by  measuring  the  dis- 
tance between  the  centers  of  the  images  when  on  the  east  and 

west  vanes  (by  the  dividing  engine  7*a,  Fig.  2)  and  dividing  by 

C  -\-  D                       C  -4-  D 
two.     The  columns  headed  — - s  —  Pr  and  — --  Pr  are  the 

2  s  2  l 

average  moments  due  to  pressures  for  the  silver  and  glass  sides 
of  the  vanes  respectively  toward  the  light.  The  next  two  columns 
contain  these  moments  corrected  for  a  period  of  24  seconds  of 

P   w   (2  P    \s    (~* 

the  torsion  balance.     The  columns  headed—1-- — "and    *    — - 

are  the  corresponding  forces  reduced  to  standard  sensitiveness, 
G  1000.  The  final  column  contains  the  averages  of  the  two 
columns  which  precede  it.  Table  III  exhibits  corresponding  data 
for  "red  glass"  and  "water  cell."  The  air  pressure,  period  of 
the  balance,  lever  arm  and  galvanometer  constants  are  those 
given  in  Table  II  for  the  same  date. 

In  these  ballistic  measurements  the  lamp  reading  was  the 
throw  due  to  an  exposure  of  the  light  upon  the  bolometer  for 
six  seconds,  but  in  the  energy  measurements  the  lamp  reading 
was  a  stationary  deflection  due  to  prolonged  exposure.  To 
bring  the  pressure  values  into  comparison  with  the  energy  meas- 
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AUGUST    28. 


TABLE  I. 
LIGHT    PRESSURE.       BALLISTIC    MEASUREMENTS. 


AIR 


Deflection 

(Lamp  100) 

Surface 

Zero 

Throw 

Deflection 

Lamp 

E.  V. 

W.  V. 

mm 

mm 

mm 

mm 

E  VC,.... 

281.4 

248.5 

32.9 

164.3 

20.0 

W  VD,... 

281.5 

313.9 

32.4 

164.5 

19.7 

E  VCV... 

!        281.4 

249.8 

31.6 

157.9 

20.0 

W  V  D,  . . . 

281.5 

310.5 

29.O 

I47.O 

198 

E  V  C... 

,        281.5 

252.6 

28.9 

144.** 

20.0 

WVD;.., 

I        281.5 

309.6 

28.1 

141. 8 

19.8 

E  V  C,.... 

1        281.5 

252.9 

28.6 

M3.5 

19.9 

W  V  D,  .  . . 

1        281.5 

309.3 

27.8 

I4O.4 

19.8 

Average 19. 97 


19.77 


Cs  +  A 
Average, =  19.87 


Magnet  Reversed. 


E  V  P,.... 

280.1 

246.0 

34-1 

180.4 

18.92 

W  VCr... 

280.0 

317.8 

37.8 

187.3 

20.20 

E  V  Dc.... 

2798 

2472 

32.6 

170.8 

19.20 

\V  V  Q.... 

279.4 

313-7 

34-3 

Ib9-4 

20.25 

E  V  D4,.... 

279.1 

248.9 

30.2 

161. 1 

18. So 

WVQ... 

279.0 

3H-9 

32.9 

161. 6 

20.35 

E  VDr... 

279.0 

249.1 

30.0 

15S.Q 

18.90 

W  V  Q. .  . . 

278.9 

311. 2 

33-2 

164.4 

20.  20 

Average .  . 

. .  .18.07 

20.25 

Average,  — —    —  =  19.01 


RADIATION    PRESSURE. 


TABLE   II. 
BALLISTIC    MEASUREMENTS,    THROUGH     AIR. 


Date 


June  19. 


Jo  I  , 
iH  j 
o-E  I    ! 


icm.  of  Gal- 
1  itinmeter 


23  75 
23  75 
23-75 


23. 75I  682 


3'5 
32  5 

23 37.0 

July  23 16.0 

25 16.6 

26 1    16.0 

August  27 I   16.8 

28 15.7 

29 I    »3  7j 

3* H.°, 

September  1 16.6'  24.00! 

16.4    23  78 
?3 
24 


756. 
700 


23-75 
23 .75 
23.82 

23.82 
23.82 

24.00I 


2378 
23.78 


684 
720 
724 
721 
712 
718 
692 
670 
6c  6 
667 


1  768 
I  7«6 
I  707 

684 
I   7'o 

7TO 

I  716 

i  7™ 
i  713 
I  672 

C70 

;     684 
669 


I 


Sl4 
814I 

.814 


„ 

0 

C 

1 

1 

II 

u   ' 

'0 ! 

;c       1 

c; 

t,  r< 

« 

3,1 

O 

O      1 

vS 

•^ 

H, 

*s 

Aver. 

19.67 


18  S8  . 
10.44 


0.831     21.16    20.42    21 


,  S,3 
..824 
..824 


19  QS 

19.40 

19  01 

20  07 
18  94| 


20  27 
1 9 .  &  > 


r.- 

18   7} 

Aver. 

5' 

iO  .Hi 

18.12 

00 

20,2fi 

W-251 

18 

TQ    82 

i6.9?l 

"I 


48  17     2^1 

gvl  16   1/ j 

•  94i  »f)  44 

.  1  7 1  1 0   40 

1  H7'  17-17 


16   Su 


17  28 

!  t;  .  f j  I 
if     g7 


1 6.  89 
17.CKJ 


16   94 

IO.52 

16  59 
it.   86 

17  07 
it.   47 


Avernyc 17. 11      10.71     16.91  4.0.05} 
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urements  it  is  necessary  to  reduce  the  average  of  the  quantities 
in  the  last  column  to  pressures  in  dynes  by  multiplying  by 
0.363  X  I0~5,  the  torsion  coefficient  of  the  quartz  fiber,  and  to 
reduce  not  only  to  a  static  deflection  of  the  torsion  balance  but 
also  to  a  static  deflection  of  the  lamp  galvanometer  G2.  The 
ratio  of  a  ballistic  to  a  static  deflection  of  the  galvanometer  G^ 
was  obtained  from  a  long  series  of  lamp  exposures.  This  ratio 
was  found  ''through  air"  to  be=i.55;  "through  red  glass" 
=  1.535;  "through  water  ceH"=  1.502.  These  differences  are 
probably  due  not  solely  to  the  damping  constant  of  the  galva- 
nometer but  to  the  peculiar  manner  in  which  the  bolometer  was 
warmed  up  to  its  stationary  conditions  by  the  beam  from  the 
lamp.  Applying  these  reduction  factors  to  the  averages  in 
Tables  II  and  III,  we  obtain  the  following  results.  The 
pressure  of  the  standard  light  beam  which  has  passed 


(a)  through  air 


--  16.91 


(/;)  through  red  glass  —  1C.91 


1  •  55 
X     — -  X  0.363  X  io~s  = 

'•357 
(7.01  zb  0.023)  X   io~s  dynes 

x  _?«"_  x  0.363  X  io-5  = 
i-357 


(/•)  through  water  cell 


16.20  X    -^- 
1-357 


0.024)  X   io~5  dynes 
X  0.363  X  io~5^ 
(6.52  ±:  0.028)  X   io~5  dynes 


(6.94 
1.502 


TABLE  III. 

RADIATION    PRESSURE.       BALLISTIC    MEASUREMENTS. 


Through  Water  Cell. 


I 


June   20 1    18.62  I  17.10 

Julv    25 I    10.00  :  20.10 

20 18.03  IQ -39 

August  27 18.63  I  18.66 

29 1    18.25  J  ig.02 

September  20 20.39  10.14 

2  7, 20.2  1  19.51 

24 10.84  1  18.01 

AveiaLre '  


Ps  cor- 

/*  ,  cor- 

Ps XGS 

*V*<v 

p 

rected  for 

r  24- 

I 

1 

Average 

18.46 

16.96 

17.14 

16.00 

16.57 

18.85 

19.94 

15.82 

16.74 

16.28 

17-89 

1 9  •  33 

15.80 

16.84 

I6.32 

18.50 

18.53 

16.29 

15.99 

I6.I4 

18. 10 

18.87 

15.68 

16.06 

is. 87 

20.23 

19.00 

16.69 

15.82 

16.25 

20.05 

1 9 .  36 

16.37 

16.23 

16.30 

1 9 .  60 

18.77 

I6.I0 

15.40 

15.70 

16.24 

16.15 

16.20 
±0.066 
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TABLE  III— Continued. 
Through  Red  Glass. 


June  23 

July  25  

August  27 

28.... 

29.... 

31.... 
September  20. 

23- 
24. 


Average 


19.99 
20.70 
19.97 
19.99 
19.99 
18.98 
21.00 
21.48 
21 .00 


18.40 
20.94 
1925 
19.42 
19.92 
19.14 
19.97 
20.34 
1968 


19.83 
20.54 
19.82 
19.84 
19.84 
18.98 
20.83 
21.31 
20.83 


.26 

•77 
.10 

.28 
•77 
•14 
.82 
.18 
•53 


17.05 
17.24 
17.46 
17.36 
17.14 
16.82 
17.19 
17.39 
17.03 


17.18 


16.06 

17-43 
16.46 

16.75 
16.82 

16.84 
16.50 
16.92 
16.03 


16.65 


16.56 

17.33 
16.96 
17.05 
16.98 
16.83 
16.84 
17.15 
16.53 


16.91 
±0.051 


THE    ENERGY    MEASUREMENTS. 

Before  rejecting  the  bolometer  method  used  in  the  prelimi- 
nary measurement  of  energy,  a  second  bolometer  of  slightly 
different  construction  was  tried ;  but  the  lack  of  uniformity  of 
resistance,  already  mentioned,  made  its  indications  too  uncertain 
for  the  present  work.  The  radiant  intensity  of  the  beam  used 
in  the  later  experiments  was  determined  by  directing  it  upon  the 
blackened  face  of  a  silver  disk,  weighing  4.80  grams  of  13.3  mm 
diameter  and  of  3.58  mm  thickness,  and  by  measuring  its  rate  of 
temperature  rise  as  it  passed  through  the  temperature  of  its 
surroundings.  The  disk  was  obtained  from  Messrs.  Tiffany  & 
Co.,  and  was  said  by  them  to  be  99.8  percent,  fine  silver.  Two 
holes  were  bored  through  parallel  diameters  of  the  disk,  one- 
fourth  of  the  thickness  of  the  disk  from  either  face.  Two  iron- 
constantan  thermo-junctions,  made  by  soldering  0.1  mm  wires 
of  the  two  metals,  were  drawn  through  the  holes  into  the  center 
of  the  disk.  To  insulate  the  wires  from  the  disk,  fine  drawn 
glass  tubes  were  slipped  over  them  and  thrust  into  the  holes, 
leaving  less  than  2  mm  bare  wire  on  either  side  of  the  junctions. 
The  wires  were  sealed  into  the  tubes,  and  the  tubes  into  the  disk 
by  solid  shellac.  The  tubes  projected  15  mm  or  more  from  the 
disk  and  were  bent  upward  in  planes  parallel  to  the  faces  of  the 
disk.  The  general  arrangement  will  be  seen  in  Fig.  5.  The 
disk  was  suspended  by  the  four  wires  some  distance  below  a 
small  flat  wooden  box.  On  the  box  was  fastened  a  calorimeter 
can  swathed  in  cotton  and  filled  with  kerosene  in  which  the  con- 


338 


E.  F.  NICHOLS  AND  G.  F.  HULL 


to  Gatv  *■ 


Air  Space* 


stant  thermo-junctions  were  immersed.  Copper  wires  soldered 
to  the  two  ends  of  the  thermo-electric  series  were  brought  out 
of  the  calorimeter,  and  the  circuit  was  closed  through  1,000 
ohms  in  series  with  the  500  ohms  resistance  of  galvanometer  Gt. 
The  thermo-junctions  in  the   disk  were  in  series,  and  as  each 

junction  was  midway  between 
the  central  plane  of  the  disk 
and  either  face,  it  was  assumed 
that  when  the  disk  was  slowly 
warmed  by  heating  one  face 
the  electro-motive  forces  ob- 
tained corresponded  to  the 
mean  temperature  of  the  disk. 
One  face  of  the  disk  was  black- 
ened by  spraying  it  with  pow- 
dered lampblack  in  alcohol 
containing  a  trace  of  shellac. 
This  method  was  suggested  by 
Professor  G.  K.  Hale  and  gives 
very  fine  and  uniform  dead 
black  coatings  not  inferior  to 
good  smoke  deposits. 

For  the  energy  measure- 
ments the  bell-jar  and  the  tor- 
sion balance  were  removed  from 
the  platform  P  (Fig.  1)  and  a 
double-walled  copper  vessel, 
AB  (Fig.  5) ,  which  served  as  a 
water  jacket  surrounding  a  small  air  chamber  C,  was  mounted 
in  the  same  place.  A  tube  2  cm  in  diameter  was  soldered  into 
the  front  face  of  the  jacket  to  admit  the  light  beam  into  the 
chamber  C.  This  opening  was  covered  by  a  piece  of  plate  glass 
similar  to  the  plates  forming  the  larger  windows  in  the  bell-jar. 
The  needle  system  in  Gt,  a  four-coil  du  Bois-Rubens  galvano- 
meter, was  suspended  in  a  strong  magnetic  field  so  that  its 
period  was  about  four  seconds.  The  system  was  heavily  damped 
bv   a   mica   air-fan    of    large    surface.     The    disk  junctions    and 


In;. 


PRESSURE  DUE  TO  RADIATION 


339 


galvanometer  responded  quickly  to  the  radiation,  as  was  shown 
by  the  reversal  of  motion  of  the  magnet  system  1.2  seconds 
after  the  light  was  cut  off  from  the  disk,  when  the  latter  was  a 
few  degrees  above  the  temperature  of  the  room. 

The  disk  was  calibrated  for  temperature  in  terms  of  the  deflec- 
tion for  a  definite  sensitiveness  of  the  galvanometer  Gx.  For 
this  purpose  the  disk  was  immersed  in  a  kerosene  bath  and  the 
galvanometer  deflection  measured  for  two  different  temperatures 
of  the  disk.  One  of  these  was  about  180  C.  above  the  compara- 
tively steady  temperature  of  the  room,  or  calorimeter  containing 
the  standard  temperature  junctions  (see  Fig.  5),  and  the  other 
about  the  same  number  of  degrees  below  the  room  temperature. 
These  two  temperatures  were  measured  by  a  Fuess  Standard 
Thermometer  divided  into  tenths  of  a  degree  and  calibrated 
at  the  Reichsanstalt.  Two  calibrations  of  the  silver  disk  were 
made  some  days  apart.  One  of  these  series  appears  in  full  in 
Table  IV.     The  first  three  columns  of  the  table  give  the  zero, 

TABLE  IV. 
CALIBRATION    OF    SILVER    DISK. 


Cold  Bath. 


Gt  Readings 

Disk  T 

Room 
cal.  t; 

Deflection 
of  6', 

Means  of 
Alternate 
Deflections 

Means 

Rc%'ersed 

Zero 

Direct 

T.2  -Tx 

221  .2 

22/  .O 

35-2 

1-58 

20?05 

185.8 

'\ 

220.9 

1 

402.O 

22/  .O 
221.2 

1 .60 

20.07 

1 8 1 . 0  ', 

1 

}-I»5.7 

! 

183.4 

18.47 

22/  .2 

35-7 

i-57 

20.  10 

•8s. 5  :■ 

J  181. 3 

183.4 

IS. 53 

221  .2 

I 

4<>3.I 

22/  .5 
221  .9 

1.56 

20.  14 

181. 6  J 

185.8 

1S3.7 

18.58 

222.0 

35-9 

1-54 

20.  16 

186. 1 

1S2.2 

184. I 

18.62 

222.1 

405.O 

222.2 
222.4 

1.52 

20.20 

182.8 

186.3 

184.5 

18.68 

222.7 

36.2 

1-57 

20  .  22 

186.5 

1  182.7 

184.6 

18.65 

223.0 

1 

405.8 

22J./ 
223  .  2 

1 .60* 

20.26 

182.7 

l^iSb.7 

184.7 

18.66 

223  .3 

36.3 

1.59 

20  .  30 

1S7.0 

] 

223-5 

184.O 

1 8-'  60 

Correcti 

on  to  'IV 

=  0?00. 
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Warm  Bath. 


217-3 

2/8.6 

434-2 

41-45 

20?40 

215.6 

) 

219.9 

1 

2.0 

226.5 
221. 1 

41-35 

20.42 

218.5 

^213-7 

1 

216. 1 

20.93 

222.4 

434-2 

41.25 

20.44 

211. 8 

J  216.4 

214. 1 

20.81 

223.7 

10. 0 

224.4 
225.1 

41 .08 

20.50 

214.4 

209.1 

211. 7 

20.58 

225 . 7 

432.1 

40.90 

20.55 

206.4 

212.4 

209.4 

20.35 

226.3 

16.3 

226 . 7 
227.2 

40.80 

20.60 

210    4 

204.8 

207.6 

20.20 

227.8 

431.0 

40.67 

20.61 

203.2 

1   208.5 

205.8 

20.07 

228.4 

1 

21.8 

228.5 

40.55 

20.63 

206.7 

J-20I.8 

204.2 

19.92 

228.7 

22Q.O 

429.4 

40.43 

20.65 

200.4 

1 
J 

229.3 

209.8 

20?4I 

Correct 

on  to  T," 

=  0?I0. 

i 

Corrected 

»  20.51 

direct,  and  reversed  reading  of  the  galvanometer  Gs.  The  fourth 
column  gives  the  temperature  of  the  bath  in  which  the  disk  was 
immersed,  and  the  fifth,  that  of  the  constant  temperature  calori- 
meter. The  sixth  column  gives  the  deflections  of  Gt.  The 
seventh  column  the  means  of  the  alternate  deflections.  The 
eighth,  the  mean  of  the  two  columns  preceding  it.  The  last 
column  gives  the  difference  in  temperature  between  the  two 
calorimeters  in  degrees  C.  For  the  total  temperature  range  in 
the  table,  39?  1  if  the  deflection  of  Gx  was  393.8  scale  divisions 
for  a  sensitiveness  of  £,=  996.  A  range  of  one  degree  would 
thus  give  a  deflection  of  10.03  divisions  for  a  sensitiveness  of 
G,=  1000.  The  mean  of  two  separate  calibrations  was  9.96 
scale  divisions  for  one  degree  temperature  difference. 

Before  beginning  a  series  of  intensity  measurements  the  disk 
was  suspended  in  an  air-chamber  containing  phosphoric  anhy- 
dride and  surrounded  by  a  jacket  of  ice  and  salt.  The  disk  was 
thus  lowered  to  a  temperature  of  about  zero  degrees  and  was 
then  quickly  transferred  to  the  chamber  C  (Fig.  5),  and  the 
beam  was  directed  upon  it.     When  its  temperature  had  risen  to 
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within  five  or  six  degrees  of  that  of  the  chamber  C,  galvano- 
meter readings  were  made  at  intervals  of  five  seconds  until  the 
disk  was  heated  to  a  temperature  several  degrees  above  its 
surroundings.  The  temperature  of  the  chamber  C  was  deter- 
mined by  removing  the  disk  and  cooling  it  to  a  point  near  the 
room  temperature,  then  replacing  it  and  observing  its  rate  of 
temperature  change  for  several  minutes. 

The  notebook  record  of  one  series  of  observations  showing 
the  heating  of  the  disk  by  the  light  beam  is  given  in  full  in 
Table  V.  It  will  be  seen  from  the  table  that  the  temperature 
of  the  disk  passed  that  of  the  chamber  thirty  seconds  after  the 
beginning  of  the  series.  The  readings  of  Gl  at  equal  time 
intervals  on  either  side  of  the  zero  are  on  horizontal  lines.  The 
last  column  of  the  table  contains  the  rate  at  which  the  galvano- 
meter deflection  was  changing  when  the  disk  and  its  surround- 
ings were  at  the  same  temperature. 

Energy  series  were  made  "  through  air,"  "  through  red  glass, " 
and  " through  water  cell,"  as  in  the  pressure  measurements. 
During  the  experiment  the  black  coatings  were  frequently 
cleaned  off  from  the  disk  and  new  ones  deposited.  The  final 
result  therefore  does  not  correspond  to  an  individual,  but  to  an 
average  coating. 

To  correct  for  any  inequality  between  the  two  disk  thermo- 
junctions  or  any  lack  of  symmetry  in  their  positions,  referred  to 
the  central  plane  of  the  disk,  which  might  prevent  the  mean 
temperature  of  the  two  junctions  from  representing  the  mean 
temperature  of  the  mass,  series  of  observations  were  made  on 
each  face  of  the  disks.  The  black  coating  was  always  cleaned 
off  from  the  face  of  the  disk  away  from  the  light.  All  of  the 
series  of  energy  measurements  are  gathered  together  in  Tables 
VI  and  VII.  In  the  tables,  under  the  head  of  "through  air," 
the  first  column  contains  the  observed  rate  of  increase  in  the 
galvanometer  deflection  Glt  when  the  disk  and  its  surroundings 
were  at  the  same  temperature;  the  second  column,  the  corre- 
sponding mean  lamp  deflections  of  galvanometer  Gy  The  third 
and  fourth  columns  contain  the  sensitiveness  of  galvanometers 
Gt  and   G3  respectively,  and  the  last  column  the  values  of  the 
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TABLE  V. 

AUGUST     l6.       ENERGY    MEASUREMENTS.       THROUGH    AIR.       SERIES  4. 

Zero  of  galvanometer  Gt  (closed  circuit)  determined  by  method  of  cooling 
=  216.8  =  reading  at  room  temperature. 


AG.,- 

Time 

G* 

Time 

G, 

AG, 

At 

(in  mm 

At 

per  sec.) 

0  sees. 

174.5 

60  sees. 

253-2 

78.7 

60  sees. 

I. 312 

5    " 

182.0 

55    " 

247.3 

653 

50    " 

1 .  306 

10   " 

189.0 

50   " 

241.3 

52.3 

40    " 

1.308 

15    " 

196.2 

45    " 

235-2 

39-0 

30    " 

I  .300 

20   " 

203.0 

40   " 

229. 1 

26.1 

20    " 

1.305 

25    " 

209.7 
216.4 

35    " 

222.8 

1 3-1 

10    " 

i-3to 

30   " 

Average 

..1.307 

The  lamp  reading  (Gz)  was  924. 

The  sensitiveness  of  G2  was  667,  and  of  Gt  was  996. 

A6\ 


At 


reduced  to  standard  conditions  becomes 


1 .307  X  667  X  996  -*-  (924  X  1000)  =  0.943  mm  Per  sec- 

first  column  reduced  to  standard  lamp  and  standard  sensitiveness 
of  both  instruments.  The  series  on  the  two  faces  of  the  disk  are 
recorded  and  averaged  separately,  then  combined  with  their 
probable  errors  in  the  general  average  at  the  end  of  Table  VII. 

Tables  VI  and  VII  give  the  following  results.  The  average 
increase  in  the  reading  of  Gx  for  standard  conditions  is  0.966  mm 
per  second.  From  the  thermal  calibration,  a  deflection  of 
996  divisions  corresponds  to  a  temperature  difference  of  1°  C. 
Consequently  the  rise  in  temperature  of  the  silver  disk  per  second 
when  the  light  passed  : 

(a)  through  air   =  0.9664-9.96      (0.0970  —  0V00034)  C. ; 

(fi)  through  red  glass      0.9424-9.96  — (0.0946  ±;  o?ooo36)  C.  ; 

(r)   through  water  cell-     0.8804-9.96=    (o?o8S4  ±:  o?ooo64)  C. 

The  mass  of  the  silver  disk  was  4.80  grams,  its  specific  heat1 
at  1 8°  C.  -     0.0556;  the  mechanical  equivalent  of  heat  at  180  C. 

1  U.  Hkiin,  Ann.  Jer  Phys.,  4.  260,  1900. 
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TABLE  VI. 
FRONT  FACE. 


Through  Air 

I  Through  Red  Glass 

Through  Water  Cell 

Date 

• 

*Gi   ! 

6GJ 

bG 

lGi 

c, 

s, 

S2 

6/ 

66\ 

G, 

~JF 

&Gt 

G2 

bt 

bt 

(Umpi 

Reduced! 
to  Stan  J 

bt 

Reduced 
to  Stan. 

'      bt 

Reduced 

August  10. 

1.387 

080 

990 

689 

0.965  ! 

o.437 

345 

0.864 

10. 

1.263 

920 

990 

689 

0.936  ! 

0.400 

3ii 

0.877 

10. 

i     0.369 

279 

0.902 

11 . 

*    1 • 244 

866 

9S6 

701 

0.902 

0.750 

546 

0.950 

0.412 

3i5 

0.905 

11 . 

1-455 

1010 

986 

701 

0.995 

0.750 

546 

0.950 

0.510 

382 

0.922 

11 . 

1  -  505 

1047 

986 

701 

0.994 

0.516 

381 

0.935 

16. 

1-447 

1022 

996 

669 

0.942 

0.736 

529 

0.927 

0.416 

327 

0.873 

16. 

1.284 

886 

996 

669 

0.966 

0.740 

527 

0.936 

0.451 

352 

0853 

16. 

1. 316 

925 

996 

669 

0.948 

0.797 

55o 

0.965 

0.502 

382 

0875 

16. 

1  3<>7 

924 

996 

069 

0.943 

18. 

1   598 

mo 

995 

667 

o.955  I 

0738 

515 

0952 

0.449 

333 

0.895 

18. 

i.55o 

1047 

995 

667 

0.984 

0.732 

518 

0.940 

0.445 

342 

0.865 

18. 

1.548 

1031 

995 

667 

0995  ' 

0.730 

518 

0.938 

0.451 

346 

0.867 

18. 

1.410 

957 

995 

667 

0.977  j 

18. 

I.330 

808 

995 

667 

0983  ' 

19  • 

1.241 

862 

IOOI 

675 

0  975 

0.760 

532 

0.965 

0.451 

343 

0.892 

19 

1.360 

934 

IOOt 

675 

0.985   | 

0.728 

5'2 

0.960 

0.452 

33« 

0.904 

19- 

1.374 

905 

IOOI 

675 

0.990  1 

0.738 

525 

0.950 

0.466 

35i 

0.898 

«9 

1.364 

934 

IOOI 

675 

0.988 

Avera 

?c 

•  0.973 

Avcra| 

?c 

.  0.948 

Average 0.888 

±0.003 

±0.002 

±0.004 

TABLE  VII. 
REAR   FACE. 


Through  Air 

| 

Through  Red  Glass 

Through  Water  Cell 

Date 

bt;. 

a  ■ 

*Cf      | 

bi? 

£<;,    ' 

&(, 

irti 

It 

p'l.nmiin 

st 

5* 

Reduced 
InSliin,  ! 

bt 

G 

Reduced; 

r.t 

i: 

f-.f 

Rrducrd 

August  12., 

1 .  374 

q6o 

901 

6S4 

0  970 

0 .  808 

578 

0.949 

0,495 

370 

o.o<>6 

12,. 

1.  m 

93* 

W 

'      4 

o.gt,g 

0  740 

s;t> 

O.Q35 

0.434 

\  20 

0  919 

12,  . 

i.2B4 

900 

991 

4 

0.907 

0.765 

54^ 

0  Q57 

0.489 

37> 

0.895 

15. 

1   438 

993 

006 

670 

0,  goo    1 

0.703 

506 

0  926 

0.490 

308 

0  890 

'5 

1,4*8 

484 

9qO 

D70 

o.o6fl 

0.742 

520 

0  941 

0.406 

352 

0  885 

*y. 

1   51" 

106S 

996 

f.70 

0  9^3    I 

0  qbt   1 

0.765 

551    1      0,926 

0.440 

3-7 

0.873 

20.. 

t  477 

1047 

99* 

6Ss 

0.  703 

522         0.918 

0.458 

37  5 

0  833 

30 

1.520 

ItjQO 

996 

0B5 

o  951    | 

0 .  700 

537         0.905 

0  407 

400 

0  848 

20., 

t   $?& 

I  13D 

99n 

fc*s 

0  551    1 

0.7S1 

570        0.935 

0.507 

408 

0.848 

30 

1 .  508 

1134 

9*6 

1 

o.«50 

21,, 

I.783 

1224 

905 

G6B 

0  470  | 

0.846 

604          O.Q3? 

0  503 

393 

0.8:52 

31  . 

>    77  1 

1332 

995 

668 

0  957 

0   7Q» 

575         0.91 s 

0  481 

377 

o.8=>o 

21 

1   705 

1190 

995 

668 

0  9^$ 

0  803 

575         0.930 

0.484 

373 

0.802 

31  .  . 

1,452 

1019 

995 

66S 

0,948 

Avera 

^e . . 

.  0.872 

1 
±0.0014 

-  0.005 

Avera 

fe  of  fron 

t  and  re 

ar  face 

,  0.966 

n  0.0034 

0.942  •  0.003O 

0.880 

-z.  0.0004 
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=  4.272  Xio7  ergs.1  Consequently  the  energy  of  the  standard 
radiation  is 

(a)  through  air,  0.0970  X  4.80  X  0.0556  X  4272  X  io7 

or  ^  =  (1.108  ±0.004)  X  io6  ergs  per  second. 

(b)  through  red  glass,  ^  =  (1.078  ±0.004)  X  io6. ergs  per  second. 

(c)  through  water  cell,  /?*,  =  (  1.008  ±0.007)  X  io6  ergs  per  second. 

REFLECTING    POWER    OF    THE    SURFACES    USED. 

According  to  Maxwell  and  Bartoli,  the  pressure  in  dynes  per 
square  centimeter  for  normal  incidence  is  equal  to  the  energy  in 
ergs  in  unit  volume  of  the  medium.  The  energy  in  unit  volume 
is  made  up  of  both  the  direct  and  reflected  beams.  If  E  is  the 
intensity  of  the  incident  beam  and  p  the  reflection  coefficient, 

the  pressure/ —  — ^-p. ,  where  V  is  the  velocity  of  light.    The 

methods  for  measuring  p  and  E  have  already  been  described. 
The  determination  of  p  for  both  sides  of  the  vanes  C  and  D  was 
made  as  follows.  The  supports  of  the  torsion  balance  were 
replaced  by  the  divided  circular  plate  A  (Fig.  6),  of  a  force  table 
which  could  be  rotated  about  a  central,  vertical  axis.  The  rod 
about  which  the  plate  turned  passed  up  through  the  plate  and  at 
its  top  the  mirror  holder  bb  was  fastened.  The  vanes  were 
freshly  silvered  and  mounted  on  a  plate-glass  carrier  a  a,  which 
was  held  by  a  clamp  against  the  back  face  of  bb.  The  beam  was 
directed  on  the  vanes  by  the  lens  L%  (Figs.  2  and  6)  exactly  as 
it  had  been  in  the  pressure  observations.  After  reflection  from 
the  vane  the  beam  fell  on  a  concave  mirror  M  which  projected 
an  image  of  the  vane  upon  a  simple  sheet  bolometer  B,  forming 
the  unknown  resistance  of  a  post-office  box  bridge.  The  current 
was  supplied  from  storage  cells  and  the  galvanometer  was  the 
same  used  in  the  energy  determinations  but  fitted  with  low  resist- 
ance coils.  The  bolometer  was  covered  by  the  bell-jar  used 
earlier.  The  mirror  M,  the  bell-jar,  and  bolometer  were  attached 
to  the  plate  of  the  force  table.  The  full  line  diagram  shows  the 
arrangement  for  reflection.  The  dotted  figure  shows  the  position 
for  a  measurement  of  the  direct  beam.  All  measurements  of 
direct  reflection  were  made  for  an  angle  of  incidence  of  1 2? 5. 

1  Mean  of  Rowland'*  and  Griffith's  values.    Phil.  Trans.,  5,  184,  496,  1893. 
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The  method  of  observing  will  be  seen  from  the  notebook 
record  of  a  single  series  of  measurements  given  in  Table  VIII. 
In  the  table,  D  and  R  indicate  direct  and  reflected  beams,  respec- 
tively. The  first  and  second  columns  contain  the  zero  points 
and  end  of  swings  of  the  galvanometer  Gx,and  the  third  column, 
the  deflection.  The  re- 
maining columns,  in  or- 
der, contain  the  lamp  gal- 
vanometer deflection;  the 
deflection  of  Gx  reduced 
to  constant  lamp;  the 
means  of  each  pair  of  D 
and  R  values ;  the  means 
of  alternate  readings;  and 
the  final  column,  the  quo- 
tients of  the  two  preced- 
ing columns  which  are  the 
reflection  coefficients 
sought.  In  all,  three 
series  of  measurements 
were  made  on  the  silver, 
and  two  series  on  the 
glass-silver  faces  of  each 
vane.  To  get  average  co- 
efficients which  would  rep- 
resent the  range  of  condition  of  the  mirrors  during  the  pres- 
sure measurements,  the  vanes  were  cleaned  and  new  silver  coat- 
ings deposited  between  each  two  scries  on  the  same  vane.  The 
reflection  coefficients  are  collected  in  Table  IX.  For  each  sur- 
face studied  the  diffused  reflection  for  a  beam  which  had  trav- 
ersed air  was  determined  by  setting  the  mirror  holder  for  normal 
incidence.  The  diffuse  energy  reflected  at  an  angle  of  25°  fall- 
ing on  the  full  aperture  of  the  mirror  M  was  measured,  and  the 
total  diffuse  energy  for  the  hemisphere  computed  on  the  basis  of 
the  cosine  law.  It  may  be  shown  that  of  the  diffuse  reflection, 
two-thirds  is  effective  as  light  pressure.  This  increases  the  air- 
silver  reflection  coefficients  by  0.9  per  cent,  and  the  glass-silver 


Fig.  6. 
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TABLE  VIII. 
OCTOBER   31,   1902.       REFLECTION  COEFFICIENT  OF  D  .       AlR. 


G* 

Deflection 

Lamp 

G* 
Reduced 

to 
Standard 

Averages 

Alternate 
Average* 

Reflection 

Zero 

Turning 
Point 

Coefficient 

R  350.0 

349-0 

D   349-5 

350.0 

R    346.0 

347-0 

D  348.5 

348.5 

R  345-0 

3450 

D   3460 

346.0 

R  3440 

344-5 

D   346 .0 

346.0 

R   3420 

342.0 

D   347.0 

347-0 

R  341 -5 

3410 

1595 
152.0 
100-5 

in. 5 
177.0 
171. 0 
123.0 
120.0 
172.0 
1710 
132.0 
124.0 
1730 
171. 0 
119. 0 

117. 5 
174.0 

170.5 
130.0 
134.0 

174.5 
173-0 

190.5 
197-0 
249.0 

238.5 
169.O 
176.O 
22^-5 
228.5 
173.O 
174.O 
214.O 
221  .0 

171   0 

173-5 
227.0 

228.5 
168.0 

171. 5 
217.0 
213.0 
167.0 
168.0 

132.6 

139-3 
136.8 

130.5 
119. 3 
124.4 
124.O 
I25.O 
122.6 
I24.O 

115. 5? 
120.7 
120.7 
122.6 

1253 
126.0 
118. 0 
122.0 
119.0 
116. 7 
118. 0 
119. 0 

143-8 
Hi. 3 

182. 1 
183.0 

141 .2 

141. 7 
181.8 
183.0 
141.0 
140.3 

183.0 

141. 8 
141 .6 

181. 0 
181.3 
M2.3 
140.8 

182.3 
182.7 

141. 3 

141. 1 

(  142. 5>j 
(  182.5 

S  MI'5  1 
(  182.4  1 

[-  140. 6  J 
(  183.0 
(  Mi- 7 
{  181.2 

(  141.5 
(  182.5 
(  141. 2 

-  142-0 
i-182.5 

J  14... 

182.7 
141. 2 
182. I 

141. 6 
181. 8 
141. 4 

0-779 
775 
•773 
770 
•  773 
.7/8 
.781 
.780 
775 

Average o .  776 


TABLE  IX. 
REFLECTION    COEFFICIENTS    IN    PERCENTAGES. 


rf 

Water 

Diffuse 

1 

c* 

Through 
Air 

92.8 
89.8 
90.8 

Red       1 
Glass      1 

Through 

rkXT 

Red 
Glass 

Water 

Diffuse 

045 
90.8 

92-7     | 

96.3     | 
94  .0 
05-0    | 

95-1 

88.9 
86.0 

O.9S 
0 .  02 
1.23 

1     77  8 
1     77-6 

1 

75-9 
76.6 

80.8 
80.0 

1.6 

Average .  . 

87.5 

1  .04 

77-7 

76.3 

80.4 

1.6 

95-o 
92.0 
04.8 

9.^9 

1 

D 

X 

9.-5 

90.4 
92.3 

91.4 

2.2 

o.S 
1-5 

77.6 
76.7 

76.5 
75-2 

8l.O 
79-7 

2.8 
2.2 

Average.  . 

77.2 

75-9 

80.4 

2-5 

PRESSURE  DUE  TO  RADIATION 


347 


TABLE  IX— Continued. 
AVERAGE    REFLECTION. 


Air-Silver 

Glass-Silver 

1     92.5    |     93-9    |     »9-5    |       1.3 

77.5     |      76.I     |      80.4     | 

2.0 

CORRECTED    REFLECTION    COEFFICIENTS. 

|     92.0    |     93-4          89.O    |                 f]     77.6    |     76.2    |     80.5    | 

Average  Coefficients  through  Air,  84.8;  Red  Glass,  84.8;  Water,  84.8. 

values  by  1.3  per  cent.  The  small  glass  rod  d  (Fig.  i),  not 
present  in  the  reflection  measurements,  decreased  the  reflecting 
area  of  the  silvered  surfaces  in  the  pressure  measurements  by 
1.54  per  cent.  The  air-silver  values  are  thus  decreased  by  0.92 
X  1.54=  1.4  per  cent.,  and  the  glass-silver  values  by  0.78x1.54 
-  1.2  per  cent.  The  application  of  these  two  corrections  gives 
the  final  corrected  coefficients  in  Table  IX.  The  diffuse  reflec- 
tion of  black  coatings  deposited  by  the  method  used  in  black- 
ening the  silver  disk  was  measured  and  computed  in  the  same 
manner  as  the  diffused  reflection  from  the  vanes  C  and  D.  The 
agreement  found  by  Angstrom1  between  the  diffuse  reflection  of 
matte  surfaces  for  normal  incidence  and  the  cosine  law  was 
abundantly  close  for  the  present  purpose.  Five  determinations 
of  this  reflection  were  made  under  different  conditions  and  with 
different  coatings.  The  values  in  percentages  of  the  incident 
beam  were  4.4  per  cent.,  4.5  per  cent.,  4.2  per  cent.,  4.6  per 
cent.,  and  5.2  per  cent.;  average,  4.6  per  cent.  Thus  only  95.4 
per  cent,  of  the  incident  beam  was  absorbed  by  the  black  coating 
on  the  silver  disk  in  producing  the  temperature  increase  observed. 
Hence  the  true  energy  of  the  beam  is  equal  to  the  observed 
energy  divided  by  0.954. 

The  silver  disk,  diameter  13.3  mm,  used  in  the  energy  meas- 
urements, received  long  waves  and  scattered  radiation  which 
passed  round  and  through  the  light  pressure  vanes  of  diameter 
12.8  mm.  This  amount  was  experimentally  determined  for  both 
thin  and  thick  silver  coatings  in  order  to  approximate  to  the 
1  K.  Angstrom,  Wied.  Ann.,  26,  271,  1885. 
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average  condition  of  the  coatings  in  the  light  pressure  measure- 
ments, and  it  was  found  to  average  (#)  through  air,  1 .40  per  cent. ; 
(6)  through  red  glass,  1.44  per  cent.;  (c)  through  water,  0.46  per 
cent.  On  this  account  the  energy  E  of  the  standard  radiation 
must  be  reduced  by  the  above  percentages.1  Applying  these 
corrections  and  the  corrections  due  to  the  diffused  radiation 
from  the  black  coating  on  the  silver  disk,  the  energy  of  the 
standard  radiation  becomes 

/      \         1  1  •  T-        .     ,      O.986 

(a)  through  air,  Ea  x         —    ; 

0.954 

(b)  through  red  erlass,      £Lr  )<-'—-    ; 
w  &  ft  0.954 

/  v  ,  ^         o . 90; 

(<)  through  water,  Ew  X     --        ; 

0.954 

Hence  the  pressure  produced  by  standard  radiation,  calculated 

E(\  +  p) 
by  Maxwell's  formula,  p  —  -  — —        - ,  since  p  -~  0.84S,  becomes 

j  '  3X10  r 

,     x        ,  ,         •  r^  l$4*  O.986 

(a)  through  air  -  E,  X  -       -T  X  -     -■ 

V   ;  °  3  X  10"      0.954 

1.848         0.986 
1 .  108  X  —    -— -  X  -  —  X  io6  dynes 
3  X  io1        0.954 

-  (7   °5  "*"  003)  X  io5  dynes   ; 

,     .  ^  1 • 848         o. 986 

(/>)  through  red  i^lass       Er  X —  X  —     — 

w  s  *        3X10"'       0.954 

1.848  0.986 

-     1.07SX  „  X  --    -  X  10"  dvnes 

3  X   10"       0.954 

-  (6 .  86  ::    o .  03)  X   1  o-5  dynes   ; 

1 . 848         o . 995 
ic)   through  water         —  E,c,    ■'  -  ,    X 

'         3  X  10"       0.954 

1 . 848  o. no;  K   , 

-  1  .008  X     -         ,    X    -    -  -  X  io"*  dvnes 

3X10'       o.  954 

(6.48  _L  0.04)  X  io-5  dynes. 

'As  the  average  pitch  of  the  cone  of  the  incident  beam  was  about  one  part  in 
fortv.  no  correction  need  be  applied  for  inclination.  Furthermore,  the  inside  of  the 
bell-jar  was  blackened  ami  the  zero  of  the  balance  was  so  chosen  that  energy  reflected 
from  the  window  admitting  the  beam  could  produce  no  pressure  effects. 
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A  comparison  of  observed  and  computed  pressures  follows : 


Observed  Values 
in  io— 5  Dynes 


Computed  Values 
in  io— 5  Dynes 


Through  air p~T.o\  ±0.02  x  j       7.05  ±0.03 

Through  red  glass  .. .     /=6.94±o.02    |       6.86  ±0.03 
Through  water I    ^=6.52  ±0.03    |       6.48  ±0.04 


Obs.-Comp. 
in  Percentages 


-0.6 

"hi- 1 

-0.6 


An  estimate  of  the  approximate  magnitude  of  the  gas  action, 
not  eliminated  by  the  ballistic  method  of  observation,  may  be 
reached  from  the  following  considerations. 

When  radiation  falls  upon  a  vane  of  the  torsion  balance,  part 
of  it  is  absorbed  by  the  silver  surface.  From  the  amounts 
directly  and  diffusely  reflected,  as  given  in  Table  IX,  the  amount 
transmitted  by  the  average  surface  (experimentally  determined 
but  not  given  in  Table  IX),  the  effect  of  the  glass  rod  and  the 
reflection  coefficient  of  the  glass  surface,  it  was  found  that,  when 
the  silver  side  of  the  vane  was  toward  the  radiation  source,  the 
absorption  coefficient  for  radiation  through  air  was  6  per  cent., 
and  when  the  glass  surface  was  forward,  it  was  18  per  cent. 

The  total  force  acting  on  the  vane  is  made  up  of  two  parts, 
that  due  to  radiation  pressure  and  that  due  to  gas  action.  Let 
Fr  be  the  force  due  to  the  first  cause,  assuming  that  all  the  radia- 
tion is  absorbed,  and  Fe  the  effect  due  to  the  second,  on  the 
same  condition.  Then  the  total  effect,  when  the  silver  side  of 
the  vane  is  forward  and  the  radiation  is  "through  air,"  is 
1.92  Fr+o.o6Fr.  When  the  glass  side  is  forward  the  total  effect 
is  1.776/^—0.18/^.  Making  these  expressions  equal  to  the 
reduced  deflections  (Table  II,  columns  11  and  12)  on  the  silver 
and  glass  surfaces  respectively,  we  have  two  equations  by  means 

xThe  pressure  and  energy  measurements  for  the  three  different  wave  groups 
through  air,  red  glass,  and  water  cell,  constitute  three  independent  experiments.  In 
the  values  for  pressure,  7.01,  6.94,  and  6.52  in  the  three  cases  are  only  accidentally 
related.  The  difference  arises  from  the  different  reflecting  power  of  the  45°  glass 
plate  (Fig.  2)  for  the  different  beams  and  from  the  fact  that  the  indications  of  the 
lamp  galvanometer  G  connected  with  bolometer  A\  were  probably  not  strictly  pro- 
portional to  energy  for  throws  differing  as  widelv  as  33,  60,  and  100,  which,  roughlv, 
were  the  relative  intensities  of  the  beams  through  water  cell,  red  glass,  and  air.  The 
function  of  the  lamp  bolometer  and  galvanometer  was  purely  to  keep  a  check  on  the 
.small  variations  of  the  lamp,  which  rarely  fluctuated  more  than  10  per  cent,  on  either 
Mde  of  the  mean  value. 
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of  which  the  values  of  Fr  and  Fr  may  be  obtained.  Hence  the 
effect  due  to  gas  action  on  each  face  of  the  vane  is  approxi- 
mately determinate,  as  is  also  the  part  (0.06  F^)  not  eliminated 
when  we  average  the  two  columns  to  obtain  column  13. 

Applying  this  method  to  all  the  results  of  Table  II  (with  the 
exception  of  those  results  taken  with  poor  mirrors  as  shown  by 
our  notes),  the  gas  action  present  in  the  ballistic  deflections 
"through  air"  is  0.8  per  cent.  Applying  the  corresponding  data 
and  equations  to  Table  III,  the  gas  action  present  in  the  red 
glass  values  is  1.1  per  cent,  and  in  the  water  cell  values,  0.3  per 
cent.  The  sign  of  Fg  comes  out  negative,  which  means  that  the 
gas  action  was  suction. 

This  reasoning  assumes  that  the  glass  faces  of  the  vanes  dur- 
ing the  six  seconds  exposure  are  not  warmed  by  absorption  nor 
by  the  conduction  of  heat  through  the  thin  glass  from  the  silver 
coating.  The  effect  of  any  such  absorption  or  conduction  would 
be  to  diminish  the  computed  gas  action.  As  estimated  from  the 
static  observations,  the  gas  action  in  the  ballistic  measurements 
is  comparable  in  magnitude  with  the  computed  values  obtained 
above,  and  of  the  same  sign.  Both  results  show  that  the  un- 
eliminated  gas  action  by  the  most  liberal  estimate  cannot  have 
exceeded  1  per  cent,  of  the  radiation  pressure.  Because  of  its 
smallness  and  indefinitencss  no  correction  for  gas  action  has  been 
made  to  the  final  pressure  values.  If  corrections  were  applied, 
its  effect  would  be  to  reduce  slightly  the  observed  pressures. 

Aside   from   the   measurements   of   pressure   and  energy  for 
which  the  probable  errors  arc  given,  the  percentage  accuracies 
in  the  other  measurements  entering  into  the  computations,  and 
their  effects  upon  the  final  result  follow: 
1.  Ouantities  which  affect  individual  series: 
(a)  Pressure  values  — 

Period  of  balance  T.  accurate  to  0.2  r'/f  ;  effect  on  result  0.0  r/0 

Lever  arm  of  balance     Z,  "  0.1^:         "         "         0.0  ^ 

Constant  of  galv'meter  Gy  "  0,5^!;         "  "         0.0^ 

Estimate  of  possible  error 
due  to  changing  ratio  of 
period  of  G\  to  length  of 
exposure   of  bolometer  '•  0.4^;         "  "         0.1  (/(, 
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(6)  Energy  values  — 

Constant  of  galv'meter  Gl9  accurate  too.i  %;  effect  on  result  o.o% 
G2,        "  o.5%;        "        "        o.o% 

2.  Quantities  which  affect  final  averages : 
(a)  Pressure  values  — 

Torsion  of  fiber,  accurate  to  0.2  % :  effect  on  result  0.2  % 

Reducing  factor,  1.357  "  0.1%;         "         "        0.1% 

Reducing  factor,  1.550 

for  G3  "  0.2%;         "         "        0.2% 

Reflection  of  surfaces  of 

vanes  "  0.4%;         "         li        0.2% 

{b)  Energy  values  — 

Mass  of  silver  disk  "  0.1%;         "         "        0.1% 

Thermal  calibration  of  disk         "  0.5%;         "         "        0.5  % 

Diffuse  reflection  black 

coating  "  5.0%;         "         "        0.1% 

From  the  agreement  within  the  probable  error  of  the  air,  red 
glass,  and  water  values  with  the  theory,  it  appears  that  the  radia- 
tion pressure  depends  only  upon  the  intensity  of  the  radiation 
and  is  independent  of  the  wave-length. 

The  Maxwell-Bartoli  theory  is  thus  quantitatively  confirmed 
within  the  probable  errors  of  observation. 

Wilder  Laboratory,  Dartmouth  Collegk, 
Hanover,  N.  H.,  February  1903. 


THE  APPLICATION  OF  RADIATION  PRESSURE  TO 
COMETARY  THEORY. 

By  E.   F.   Nichols   and    G.   F.   Hull. 

In  the  experiments  described  in  the  foregoing  paper  the  close 
agreement  of  theory  with  experiment  warrants  the  rigid  applica- 
tion of  the  radiation  pressure  theory  in  the  explanation  of  cos- 
mical  phenomena. 

In  any  balancing  of  radiation  pressure  against  gravitation  in 
comets  the  size  of  particles  is  the  determining  factor.  The 
repulsion  due  to  radiation  pressure  depends  upon  the  intensity 
of  the  rays,  the  absorbing  and  reflecting  power  of  the  surface, 
and  the  cross-section  of  the  body  exposed.  Gravitational 
attraction  depends  only  upon  mass,  or  the  product  of  volume 
and  density.  It  will  be  seen,  therefore,  that  for  spheres  of  a 
given  substance  the  weight  at  a  fixed  distance  from  the  Sun  will 
vary  with  the  cube  of  the  radius,  while  radiation  pressure  will 
depend  upon  the  radius  squared.  The  ratio  of  pressure  to  weight 
will  thus  be  inversely  as  the  radius.  This  relation  holds  down 
to  the  point  where  the  particles  become  so  small  that  they 
begin  to  lose  in  absorbing  and  reflecting  power  through  diffrac- 
tion. 

The  intensity  of  the  solar  radiation  and  gravitation  diminish 
with  distance  in  accordance  with  the  same  law,  so  that  the  ratio 
of  pressure  to  weight  is  a  constant  for  the  same  body  at  all  dis- 
tances from  the  Sun. 

For  spheres  of  the  same  size,  and  the  same  absorbing  and 
reflecting  power,  the  ratio  of  pressure  to  gravitation  is  inversely 
as  the  density.  The  variation  of  this  ratio,  as  it  depends  upon 
size  and  density,  has  been  used  by  Lebedcw1  and  Arrhenius2  in 
the  computation  of  the  repulsion  upon  the  finely  divided  matter 
of  comets'  tails,  but  the  limiting  value  of  the  ratio  for  diminishing 

lll'ic<t.  Ann,,  45.  2Q2,  lSo2;   also  AsTRONIYslCAL  Joi'RNAI.,  14,  1 55.  I902. 

^Lthrbitch  d<.r  kosmiu  hen  I%liysil\  p.  I  50,  Leipzig,  1903. 
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spheres  of  the  same  density  due  to  diffraction  first  appears  in 
Schwarzschild's  paper.1 

Comet  heads. — In  the  heads  of  comets  the  phenomena  are  most 
complicated  and  difficult  of  explanation,  yet  it  seems  worth  while 
to  try  to  gather  together  a  few  of  the  separate  causes  which  may 
be  at  work  in  producing  this  intricate  structure. 

The  heat  received  from  the  Sun  by  the  nucleus  of  a  comet 
may  be  spent  in  three  ways:  (i)  In  raising  the  temperature  of 
the  nucleus.  As  the  nucleus  is  of  relatively  small  mass  and 
probably  of  low  heat  conductivity  no  very  considerable  quantity 
of  heat  is  required  for  this  purpose.  (2)  Heat  may  be,  and 
doubtless  is,  used  in  the  vaporization  of  volatile  hydrocarbons 
and  other  substances  in  the  nucleus.  (3)  Large  quantities  of 
heat  are  lost  from  the  nucleus  by  radiation. 

The  porous  structure  of  meteorites  points  to  a  similar  struc- 
ture in  cometary  nuclei.  The  jets  from  the  nucleus  outward  to 
the  envelope  of  the  head  may  be  formed  by  the  heating  of  the 
vaporizable  materials  in  the  interior  of  the  nucleus  and  the  con- 
sequent shooting  out  under  pressure  of  a  mixture  of  gases  and 
dust  through  holes  in  a  loose  outer  crust.  Lack  of  sufficient 
means  of  escape  in  this  way  may  cause  a  bursting  of  the  nucleus 
sometimes  observed. 

The  general  upward  current  of  vapors  from  the  nucleus  to  the 
envelope,  aside  from  jets,  may  be  due  to  convection  away  from 
the  more  strongly  heated  center.2 

Because  of  the  counter-pressure  due  to  the  radiation  of  the 
nucleus  itself,  the  rising  of  even  small  solid  particles  from  the 
nucleus  to  the  envelope  would  not  encounter  as  strong  an  unbal- 
anced pressure  from  the  solar  rays  as  particles  in  the  tail.  For, 
if  all  the  heat  received  from  the  Sun  were  again  radiated  from 
the  nucleus  on  the  side  toward  the  Sun,  these  two  counter-radia- 

1  Sitzungsberichte  tier  math.-fhys.  Classe  c/er  k.  b.  Akademic  Jer  Wissenschajten  zu 
Altinchett,  31,  293,  1901. 

2  Matter  in  the  form  of  gases  and  vapors  is  not  subject  to  radiation  pressure,  as 
solid  and  liquid  particles  are,  because  of  the  minuteness  of  molecular  dimensions. 
Except  in  the  spectrum  regions  of  characteristic  absorption,  radiation  can,  theoreti- 
cally, exert  no  pressure  whatever  upon  a  gas.  Hence  gases  might  rise  from  the 
nucleus  toward  the  Sun  practically  unhindered  by  radiation  pressure. 
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tion  pressures  would  exactly  balance  at  the  surface  of  the 
nucleus.1 

Small  particles  may  also  be  aided  in  rising  from  the  nucleus 
toward  the  Sun  by  gas  forces.  By  numerous  experiments  on 
larger  bodies  immersed  in  a  gas  and  illuminated  on  one  side,  it 
has  been  shown  that  they  may  be  either  repelled  from  the  light 
source  or  drawn  to  it,  depending  upon  the  pressure  of  the  sur- 
rounding gas  (see  curves,  in  the  foregoing  paper,  p.  329.)  If  the 
gas  pressure  is  not  too  low,  particles  after  leaving  the  nucleus 
might  first  be  drawn  toward  the  Sun  until  a  region  of  higher 
vacuum  was  reached  in  the  ascent,  and  then  be  repelled.2 

The  brilliant  envelope  of  the  head  may  be  regarded  as  form- 
ing at  the  height  where  condensation,  caused  by  expansion  and 
cooling,  takes  place.  Here  the  repelling  action  of  the  solar 
radiation  would  reach  a  high  value  and  the  particles  in  the  envel- 
ope would  be  driven  backward  to  form  the  tail. 

According  to  Arrhenius3  this  condensation  in  the  envelope  is 
assisted  by  the  influx  of  negatively  charged  nuclei  from  the 
Sun,  which  serve  as  condensation  centers  for  the  ascending 
vapors.  The  height  above  the  nucleus  of  the  comet  at  which 
this  condensation  would  occur  would  thus,  in  some  measure,  be 
governed  by  the  supply  of  negative  particles.  These  would  be 
found  in  increasing  numbers  with  diminishing  distance  from  the 
Sun.  This  action  may  be  responsible  for  the  contraction  of  the 
head  and  envelope  as  comets  approach  the  Sun. 

1  It  is  worth  noting  in  this  connection  that  the  longer  and  invisible  waves  are  as 
effective  in  producing  pressure  as  the  visible  radiations,  and  that  these  long  waves 
strongly  preponderate  in  the  spectra  of  solid  bodies  at  temperatures  low  in  compar- 
ison with  the  solar  temperature. 

a  It  is  possible  also  that  electrostatic  forces  may  play  a  small  part  in  the  forma- 
tion of  the  head  from  the  nucleus.  Arrhenius  believes  the  Sun  to  have  a  positive 
electrical  charge,  due  to  the  fact  that  it  loses  more  negative  electrons  by  condensation 
into  nuclei  and  subsequent  repulsion  by  radiation  pressure  than  it  does  of  positive 
electrons  which  do  not  as  readily  serve  as  centers  of  condensation.  Streams  of  nega- 
tivelv  charged  particles  would  communicate  a  negative  charge  to  the  matter  surround- 
ing the  comet's  nucleus,  which  would  thus  be  attracted  by  the  bun.-  As  this  attraction 
would  oppose  the  formation  of  the  tail  in  the  same  measure  as  it  assisted  that  of  the 
head,  it  cannot  be  a  dominating  influence. 

V..  c.%  p.  208. 
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The  brilliancy  of  the  envelope  may  be  attributed,  in  large 
part,  to  the  fact  that  bodies  of  sufficient  size  to  reflect  solar 
rays  are  first  formed  out  of  the  vapors  of  the  head  in  this  region. 
The  negative  nuclei  from  the  Sun  would  here  experience  an 
obstruction  and  lose  the  greater  part  of  their  motion  by  friction. 
Electrical  interchanges  and  discharges  would  be  more  active, 
and  the  hydrocarbon  spectrum  be  brighter  in  the  envelope  than 
in  other  parts  of  the  head. 

If  the  brightness  of  the  head  and  its  envelope  depend  upon 
the  number  of  negatively  charged  nuclei  which  strike  the  comet, 
and  if,  as  Arrhenius  maintains,  the  nuclei  move  out  from  the  Sun 
radially  and  in  greatest  numbers  from  regions  of  greater  solar 
activity,  comets  crossing  the  surface  defined  by  solar  radii 
drawn  through  the  Sun-spot  belts  should  show  a  marked  increase 
in  brightness,  especially  in  maximum  Sun-spot  years.  The 
writers  are  not  aware  that  any  such  influence  has  been  looked 
for  in  the  cases  where  sudden  changes  of  brightness  in  comets 
have  been  observed. 

Comet  tails. — The  maximum  ratio  of  radiation  pressure  to 
gravitation,  obtained  theoretically  by  Schwarzschild  for  sunlight 
upon  opaque  reflected  spheres  of  0.8  density,  under  the  most 
favorable  conditions,  was  about  20  to  1,  if  the  recent  estimates 
(ranging  from  3.5  to  4)  of  the  solar  constant  were  used. 

In  Bredichin's  three  types  of  cometary  tails,  the  highest  ratio 
of  attraction  to  repulsion  required  is  about  18  to  i.1  The  mul- 
tiple tails  observed  in  such  comets  as  "Donati's  may  thus  be  sat- 
isfactorily explained  by  the  sifting  action  of  radiation  pressure 
in  two  ways;  either  by  assuming,  with  Bredichin,  that  the  parti- 
cles in  the  different  tails  are  of  different  densities,  but  of  uni- 
form size,  or  by  assuming  uniform  density  and  particles  of 
several  different  sizes. 

While  radiation  pressure  alone  thus  affords  a  satisfactory 
explanation  of  comets'  tails,  there  is  no  reason  to  assume  that  it 
is  the  only  cause  of  the  repulsive  action  observed.  There  are 
several  ways  in  which  the  gases  and  vapors   present  in  the  tail 

1  In  comet  1893  H  Hussey  observed  a  considerably  larger  ratio  of  repulsion  to 
gravitation. 
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may  exert  a  force  upon  the  small  solid  or  liquid  particles  which 
are  known  to  exist  there : 

1.  Small  particles,  if  warmed  on  one  side  when  surrounded 
by  gases  or  vapors,  even  under  pressures  so  low  that  electrical 
discharges  take  place  only  under  relatively  high  voltages,  expe- 
rience a  strong  repulsion,  similar  to  that  upon  a  vane  of  a  Crookes 
radiometer. 

2.  Occluded  gases  or  volatile  materials  upon  the  surface  of 
the  particles  would  be  driven  off  by  the  Sun's  heat  on  the  illu- 
minated sides,  and  the  particles  would  thus  receive  a  thrust  in 
the  direction  away  from  the  Sun. 

3.  If  the  particles  were  porous  or  loosely  put  together,  con- 
taining cavities  filled  with  more  easily  vaporizable  substances, 
the  resulting  vapors  would  be  shot  out  upon  the  hotter  sides  and 
the  particles  driven  back  by  a  kind  of  rocket  action. 

That  these  combined  gas  forces  are  still  large,  even  in  high 
vacua,  will  be  seen  from  an  actual  experiment  described  later. 

If  we  accept  Arrhenius'  theory  that  the  solar  activity  pro- 
duces numberless  negative  electrons  which  serve  as  condensa- 
tion points  for  the  vapors  surrounding  them  in  the  solar  atmos- 
phere, and  thus  form  small,  negatively  charged  nuclei,  which 
are  driven  from  the  Sun  by  radiation  pressure,1  these  nuclei 
would  exert  a  battering  action  upon  the  particles  of  the  tail.  In 
the  last  case  a  strange  meeting  point  is  found  between  the  old- 
est, or  Kcplerian,  and  the  latest  explanation  of  the  solar  repul- 
sion of  comets'  tails. 

Finally  Professor  J.  J.  Thomson,2  in  investigating  the  action 
of  electric  waves  upon  charged  bodies  immersed  in  the  medium, 
has  found  that  a  small  repulsive  effect  may  arise  from  this 
cause.  This  repulsive  force  is  entirely  distinct  from  the  radia- 
tion pressure  so  far  considered,  but  on  the  electromagnetic 
theory  of  light  it  may  be  competent  to  drive  away  electrons 
formed  above  the  photosphere  of  the  Sun,  independently  of  the 

1  The  Mippn.se<l  electrical  discharges  in  the  tail  of  a  comet  which  give  rise  to  its 
gaseous  emission  >pectrum  are  attributed   by  Arrhenius  to  the  electrical  disturbances 

caused  bv  the  influx  of  these  negative  nuclei. 

"Tit H.  J/ri£.,  4,  25.},  K)02. 
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sign  of  the  charge  and  of  whether  they  have  formed  nuclei  by 
condensation  or  not. 

These  last  two  causes  of  repulsion  are  in  all  probability  of 
very  minor  importance  when  compared  with  radiation  pressure, 
or  even  with  gas  action. 

Experiment  with  a  laboratory  comefs  tail. — Some  of  the  above 
considerations  led  the  writers  to  try  to  reproduce,  as  nearly  as 
possible,  in  a  vacuum  tube  some  of  the  conditions  believed  to 
exist  in  comets'  tails.  The  result  of  a  hasty  computation  of  the 
magnitude  of  the  effect  which  might  be  expected  from  radiation 
pressure  provided  a  suitable  dust  could  be  found  was  most 
encouraging. 

At  the  outset  it  was  apparent  that  it  would  be  very  difficult  to 
manufacture  a  powder  the  grains  of  which  would  be  sufficiently 
small,  light,  and  uniform  for  the  purpose;  so  the  spores  of  a  great 
variety  of  degraded  vegetable  forms  were  examined.  Finally 
a  puff  ball  of  the  genus  Lycoperdon  was  discovered,  the  spores 
of  which  averaged  two  microns  in  diameter,  and  were  as  nearly 
spherical  and  uniform  in  size  as  a  pile  of  apples  from  the  same 
tree.  These  spores  were  light,  cellular  structures  filled  mainly 
with  oil.  They  were  calcined  by  heating  to  redness  and  all  the 
vaporizable  material  driven  off,  leaving  only  sponge-like  charcoal 
spheres  behind.  The  density  of  a  mass  of  these  spheres  (indi- 
viduals could  obviously  not  be  dealt  with)  was  measured  and 
found  to  be  about  one-tenth  that  of  water.  Making  liberal 
allowances  for  the  spaces  between  spheres  in  the  pile,  the  den- 
sity of  a  single  sphere  could  not  exceed  0.15.1 

These  spores,  together  with  a  quantity  of  emery  sand,  were 
placed  in  a  glass  tube  the  form  of  which  was  suggested  by  the 
hour-glass.  Smaller  tubes  led  off  from  either  end.  One  of 
these  was  fused  to  a  good  mercury  pump  of  the  Gcissler  type, 
the  other  bent  down  and  joined  to  a  small  flask  containing  mer- 
cury. 

All  of  the  tubes  were  wrapped  with  wire  gauze  and  heated  to 
a  temperature  just  below  the   softening  point   of  glass   and   the 

1  According  to  Schwarzschild's  formula,  the  ratio  of  radiation  pressure  to  >olar 
gravitation  for  spheres  of  the  size  and  density  of  these  spores  would  be  about  0  to  1. 
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pump  was  worked  many  hours.  When  the  pump  showed  no  fur- 
ther signs  of  gas,  the  mercury  in  the  flask  was  boiled  and  mer- 
cury vapor  driven  through  the  tubes  to  carry  off  any  permanent 
gases  which  the  pump  alone  could  not  reach.  After  this  had 
continued  for  an  hour  or  more  the  tube  system  was  sealed  off 
from  the  pump  and  the  mercury  flask  was  surrounded  by 
solid  carbon  dioxide  and  ether,  and  the  hour-glass  still 
heated.  In  this  way  all  of  the  mercury  vapor  which 
could  be  condensed  at  a  temperature  of  —  8o°  C.  was 
drawn  out  of  the  tubes.  After  nearly  an  hour  the  mer- 
cury flask  with  its  frozen  contents  was  sealed  off  from 
the  hour-glass. 

The  hour-glass  was  then  held  in  a  vertical  position 
and  a  beam  of  light  of  approximately  known  intensity 

was  directed  horizontally  on 
the  lower  half  of  the  tube  just 
below  the  neck,  Fig.  I.  By 
tapping  the  tube  a  fine  stream 
of  sand  and  charcoal  puff-ball 
spores  descended.  The  sand 
particles  fell  through  the  beam,  showing  no  deflection, 
but  the  spores  were  driven  from  the  stream  sidewise  in 
passing  the  beam.  The  observed  angle  of  deflection  of 
the  spores  from  the  vertical  was  roughly  that  given 
from  the  computation  and  the  observers  believed  that 
the  effects  shown  must  be  due  almost  entirely  to  light 
pressure,  with  possibly  a  slight  gas  action.  The  action 
of  gases  upon  heated  bodies  of  this  size  had,  so  far 
as  we  know,  never  been  studied,  but  one  of  the  writers1 
had  studied  the  gas  action  on  larger  bodies  down  to  a  pres- 
sure of  permanent  gases  of  0.0005  mm  °f  mercury,  as  shown  by 
a  McCleod  gauge,  and  had  observed  that  for  this  pressure  the 
gas  action  had  begun  to  fall  off  sharply.  The  pressure  of  the 
permanent  gases   in   the  hour-glass  must  have  been  well  below 
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'A  result  gained   in  a  series  of  unpublished  experiments  on  gas  forces  by  W.  v. 
Ui.jANiN  and  E.  F.  Nichols.     See  also  W.  Ckookes,  Phil.  Trans. ,  p.  300,  1S78. 
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this  value  and  it  was  thought  that  nearly  all  pressure  due  to 
vapor  had  been  frozen  out. 

Later,  a  review  of  the  preliminary  computation  was  made  and 
an  error  discovered  which  had  the  effect  of  bringing  out  the 
computed  light  pressure  on  bodies  of  this  size  and  density  far 
too  large.  It  was  plain,  therefore,  that  the  force  of  deflection 
due  to  gas  action,  probably  of  the  character  of  rocket  action, 
was  at  least  ten  times  as  large  as  the  effect  attributable  to  radia- 
tion pressure.  Radiation  pressure  alone  would  produce  a  meas- 
urable effect  under  the  conditions  of  observation,  but  would  have 
been  far  less  pronounced  than  the  effect  obtained. 

The  experiment  had  unfortunately  to  be  tried  under  cir- 
cumstances much  more  unfavorable  for  a  pronounced  effect 
of  radiation  pressure  than  exist  in  comets;  for  the  deflection 
produced  by  repulsion  must  be  measured  in  terms  of  terrestrial 
gravitation,  which  is  over  1600  times  as  great  as  solar  gravita- 
tion at  the  distance  of  the  Earth.  To  approach  cometary 
conditions  therefore  it  would  have  been  necessary  to  use  a  light 
beam  1600  times  as  intense  as  sunlight  at  the  Earth.  In  the 
experiment,  beams  from  twenty  to  forty  times  as  intense  as 
sunlight  were  used. 

Because  of  the  meagerness  of  present  knowledge  concerning 
the  actual  conditions  in  comets'  tails,  it  is  impossible  to  say  how 
closely  the  foregoing  experiment  fulfilled  the  purpose  for  which 
it  was  tried.  It  would  be  difficult  to  prove  from  present  astro- 
nomical data  that  the  hydrocarbon  vapors  known  to  exist  in 
comets'  tails  exert  no  radiometric  repulsion  upon  the  small  reflect- 
ing particles  present.  Still  more  difficult  would  it  be  to  show 
that  nothing  which  corresponds  to  what  has  been  called  rocket 
action  occurs.  This  latter  repulsion  does  not  require  the  presence 
of  any  generally  diffused  atmosphere  whatever,  but  simply  that 
the  particles  semi  off  gases  toward  the  Sun  under  the  action  of 
the  Sun's  heat.  Thus  in  passing  from  the  era  where  no  ade- 
quate physical  causes  which  would  meet  the  required  condi- 
tions could  be  assigned  for  the  repulsion  seen  in  comets,  we 
are  now  likely  to  be  embarrassed  in  discriminating  between 
several  contributing  influences. 
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The  writers  hope  to  repeat  the  comet's  tail  experiment  using 
smaller  spores,  if  they  can  be  found,  and  a  tube  of  the  new  silica 
glass  which  will  stand  stronger  heating  during  the  pumping,  and 
thus  make  it  possible  to  reach  higher  vacua. 

The  Wilder  Physical  Laboratory, 
Dartmouth  College,  Hanover,  N.  II.,  April  1903. 


PHOTOGRAPHIC  REVERSALS   IN  SPECTRUM    PHOTO- 
GRAPHS. 

By   R.  W.  Wood. 

The  importance  of  distinguishing  between  photographic  and 
true  reversals  of  lines  in  spectrograms  has  made*  it  seem  worth 
while  to  investigate  with  some  care  the  conditions  under  which 
reversals  due  entirely  to  photographic  action  can  occur.  Professor 
Trowbridge  has  advanced  the  theory  of  selective  reversibility  of 
the  silver  salts  in  the  sensitive  film  for  certain  wave-lengths,  and 
it  was  in  part  to  determine  whether  the  tendency  of  a  line  to 
reverse  was  a  function  of  the  wave-length  that  the  present  investi- 
gation was  undertaken. 

As  I  showed  several  years  ago,  the  Clayden  effect,  or  the 
type  of  reversal  giving  rise  to  the  phenomenon  of  dark  light- 
ning, results  from  the  action  of  a  light-shock  on  the  plate  before 
its  exposure  to  diffuse  light.  The  effect  of  this  light-shock, 
which  must  be  of  very  brief  duration,  is  to  decrease  the  sensi- 
bility of  the  plate,  resulting  in  a  less  energetic  action  during  the 
subsequent  illumination.  I  made  no  attempt  at  the  time  to 
determine  the  maximum  duration  of  the  light-shock  which  would 
still  give  the  Clayden  reversal,  but  expressed  the  opinion  that  it 
could  not  exceed  i-ioooo  of  a  second.  This  opinion  was  based 
on  a  single  experiment,  and  I  have  since  found  that  by  a  suitable 
adjustment  of  the  conditions  the  duration  may  be  as  great  as 
I-IO00  of  a  second,  though  only  a  very  slight  trace  of  reversal 
occurs  under  these  conditions. 

It  appears  to  me  now  that  there  are  at  least  four  different 
types  of  photographic  reversal,  or  perhaps  five,  if  we  allow  the 
chemical  treatment  of  the  plate  between  two  exposures.  As  any 
one  of  these  four  types  is  liable  to  occur  in  any  photographic 
work,  when  the  proper  conditions  are  fulfilled,  it  may  be  well  to 
enumerate  them  at  the  beginning. 

First  type. — The  ordinary  overexposure  reversal,  which  occurs 
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when  the  plate  is  given  three  or  four  hundred  times  its  normal 
exposure  and  then  developed  in  the  usual  way. 

Second  type. — The  reversals  produced  by  developing  the  plate 
in  full  lamplight,  the  plate  having  been  more  or  less  overexposed 
to  begin  with.  This  type  has  been  extensively  studied  by  Nipher, 
the  results  of  his  experiments  being  given  in  the  Proceedings  of  the 
St.  Louis  Academy  of  Science. 

Third  type. — This  type  must  occur  frequently,  though  I  never 
remember  to  have  seen  it  described.  It  happens  when  a  nor- 
mally or  underexposed  plate  is  developed  and  then  exposed  to 
light  for  a  minute  or  two  before  the  hypo  bath.  The  fogging, 
which  is  usually  of  a  reddish-brown  color,  does  not  occur  on  the 
portions  of  the  plate  where  there  is  a  developed  image,  and  even 
if  this  image  is  very  feeble  it  remains  clean  and  almost  trans- 
parent. I  first  noticed  this  effect  in  some  photographs  of  spectra 
which  showed  strong  reversals  along  the  edges  where  the  illumi- 
nation must  have  been  very  feeble,  and  was  unable  to  explain  it. 
Further  experimenting  showed  that  it  had  resulted  from  turning 
up  the  light  before  the  plate  had  been  thoroughly  fixed.  Doubt- 
less this  effect  has  been  described  time  and  again  in  the  photo- 
graphic journals,  but  it  was  new  to  me,  and  may  be  to  some  others. 
Reversals  of  this  type  appear  in  the  second  figure  of  Plate  XII 
illustrating  my  paper  on  "Screens  Transparent  Only  to  Ultra- 
Violet  Light"   (Astrophvsical  Journal,  17,  136,  March  1903). 

Fourth  type. — The  Clayden  effect,  which  is  the  type  chiefly  to 
be  dealt  with  in  the  present  paper.  This  occurs  when  an  expo- 
sure of  about  1- 1000  of  a  second  or  less  is  given,  and  the  plate 
subsequently  fogged  by  exposure  to  diffuse  light  before  develop- 
ment. If  images  of  electric  sparks  are  thrown  on  a  plate  and 
the  plate  then  exposed  to  the  light  of  a  candle  for  a  few  seconds, 
the  spark  images  will  develop  reversed,  which  is  not  the  case  if 
the  exposure  to  candle  light  precedes  the  impression  of  the  spark 
images. 

Fifth  type. — I  have  found  that  the  condition  produced  in  the 
sensitive  film  by  light-shock  can  be  imitated  by  treating  the 
plate,  after  exposing  portions  of  it  to  the  action  of  a  feeble  light 
for  a  few  seconds,  with  an  oxidizing  bath  of  bichromate  of  potash 
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and  nitric  acid.  If  the  plate  is  dried,  and  then  fogged  by  candle 
light  and  developed,  the  previously  exposed  portions  will  come 
out  reversed. 

This  effect  is  shown  in  Plate  XXII,  Fig.  4.  A  series  of  spark 
images  was  impressed  on  the  plate,  which  was  then  covered  with 
a  piece  of  black  paper  in  which  a  narrow  slit  had  been  cut.  A 
number  of  images  of  this  slit  were  then  impressed  on  the  plate 
by  exposure  to  the  light  of  a  candle.  If  the  plate  in  this  con- 
dition were  then  fogged  by  candle  light  and  developed,  the 
spark  images  would  come  out  reversed  and  the  slit  images  not 
reversed.  Before  fogging  it,  one  end  (the  upper  in  the  print) 
was  immersed  for  a  few  minutes  in  a  very  dilute  solution  of 
bichromate  of  potash,  slightly  acidified  with  nitric  acid.  It  was 
then  dried,  exposed  to  candle  light,  and  developed.  In  the 
lower  portion  of  the  print  we  find  the  sparks  black  and  the  slit 
images  white;  in  the  upper  portion  both  sets  of  images  come 
out  dark,  the  reversal  of  the  sparks  being  much  stronger  than 
on  the  untreated  portion  of  the  plate. 

In  the  present  paper  I  propose  to  discuss  the  Clayden  effect, 
not  only  in  connection  with  the  selective  reversibility  hypothesis 
adopted  by  Professor  Trowbridge  to  explain  his  spectrum  pho- 
tographs, but  also  in  relation  to  the  time  factor,  and  radiations 
other  than  light,  such  as  the  Becquerel  and  Roentgen  rays,  which 
are  quite  different  in  their  action  from  light. 

I  shall,  in  dealing  with  the  subject,  speak  of  the  initial 
exposure  of  brief  duration  as  the  light-shock.  The  subsequent 
illumination  which  causes  the  reversal  of  the  impression  of  the 
shock  I  shall  call  the  fogging  exposure. 

The  first  subject  investigated  was  the  relation  of  the  phe- 
nomenon to  the  wave-length  of  the  light.  The  light-shock  in 
this  case  was  administered  by  exposing  the  plate  to  the  spec- 
trum of  one  or  more  sparks  between  cadmium  electrodes  by 
means  of  a  small  quartz  spectrograph.  Even  with  a  small  dia- 
phragm the  illumination  by  a  single  spark  yielded  a  developable 
image  of  the  spectrum  down  to  the  extreme  ultra-violet.  Six 
spectra  were  impressed  on  the  same  plate  with  different  sized 
diaphragms :  the  plate  was  then  exposed  to  the  light  of  a  candle 
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for  a  few  seconds  and  developed,  the  result  being  reproduced  in 
Plate  XXII,  Fig.  1.  It  will  be  seen  that  the  lines  and  the  contin- 
uous background  come  out  positive  in  the  two  upper  spectra, 
showing  that  if  the  shock  is  too  intense,  no  reversal  takes  place 
—  a  circumstance  in  which  the  Clayden  effect  differs  essentially 
from  ordinary  reversal  due  to  overexposure.  Professor  Trow- 
bridge says  that  his  reversals  occur  where  bright  lines  fall  on  a 
continuous  background,  and  considers  the  reversing  action  pro- 
portional to  the  product  of  the  two  effects.  If  his  reversals  are 
of  this  nature  (Clayden  effect),  this  cannot  be  the  case,  for  by 
making  one  factor  (the  light-shock)  large,  no  trace  of  reversal 
appears.  As  I  shall  show  presently,  this  statement  requires 
some  modification,  for  as  we  increase  the  intensity  of  the  shock, 
we  can  by  increasing  the  fogging  exposure  still  get  reversal. 
As  I  said  in  my  previous  note,  it  appears  to  me  probable  that  in 
the  case  of  photographs  of  spectra  of  single  sparks  in  narrow 
capillaries  the  shock  was  the  almost  instantaneous  exposure  to  a 
bright-line  spectrum  of  exceeding  brief  duration,  followed  by  an 
exposure  to  a  superimposed  continuous  spectrum  of  longer 
duration,  which  may  have  been  due  to  incandescence  of  the 
inner  wall  of  the  capillary  tube,  or  to  phosphorescence  of  the 
gas.  By  employing  a  tube  with  a  bore  of  about  0.25  mm  I  have 
obtained  reversed  lines  in  the  blue  with  single  discharges  of  a 
medium-sized  induction  coil  and  condenser. 

The  fact  that  the  faint  continuous  spectrum  of  the  spark  is 
uniformly  reversed  shows  that  there  is  no  selective  reversibility 
so  far  as  the  initial  light-shock  is  concerned. 

1  next  endeavored  to  determine  whether  the  wave-length  of 
the  fogging  light  had  anything  to  do  with  the  matter,  in  which 
case  we  should  expect  reversals  in  some  parts  of  the  spectrum 
and  not  in  others,  in  the  particular  case  where  the  fogging  illumi- 
nation was  spread  out  into  a  spectrum,  as  in  Professor  Trow- 
bridge's photographs. 

Having  already  found  that  fogging  the  plate  with  X  rays 
never  gave  reversals  of  spark  images,  it  occurred  to  me  that  pos- 
sibly ultra-violet  light  might  act  in  a  similar  manner.  Having 
impressed  a  number  of  spark  images  on  the  plate,  it  was  illumi- 
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nated  with  light  of  wave-length  in  the  neighborhood  of  \=  2300, 
from  a  discharge  between  cadmium  electrodes,  a  screen  pro- 
vided with  a  slit  being  placed  in  the  focal  plane  of  the  quartz 
spectrograph,  with  the  plate  a  short  distance  behind  it.  The 
spark  images  were  not  reversed,  and  it  appeared  at  first  sight  as 
if  ultra-violet  light  of  this  wave-length  acted  like  the  X  rays. 
I  was,  however,  not  willing  to  accept  this  conclusion  without 
further  study,  since  the  fogging  illumination  in  this  case  con- 
sists in  reality  of  a  number  of  feeble  light-shocks  ;  that  is,  it  is 
of  much  briefer  duration  than  in  the  case  of  candle  light.  In 
the  first  experiment  the  fogging  illumination  by  ultra-violet  light 
was  produced  by  the  passage  of  perhaps  a  score  of  sparks  before 
the  slit  of  the  spectrograph.  To  get  a  feebler  illumination  of 
longer  duration  I  moved  the  next  plate  to  a  distance  of  about 
two  meters  from  the  screen  and  let  the  coil  run  for  about  a 
minute.  The  room  was  absolutely  dark,  the  spark  terminals  and 
the  front  of  the  spectrograph  being  covered  with  heavy  black 
cloth,  so  that  the  only  light  that  reached  the  plate  was  of  the 
wave-length  above  mentioned.  On  this  plate  the  spark  images 
which  had  been  previously  impressed  were  strongly  reversed, 
showing  that  the  time  factor  comes  into  play  in  the  case  of  the 
fogging  light  as  well  as  in  that  of  the  light-shock,  and  that  ultra- 
violet light  is  as  efficient  as  any  other,  if  it  is  not  of  too  brief 
duration.  This  appears  to  dispose  of  the  idea  of  selective  reversi- 
bility, at  least  so  far  as  the  Clayden  effect  is  concerned. 

Investigation  of  the  time  factor. — To  determine  the  maximum 
duration  of  time  which  the  light-shock  may  have  and  still  reverse, 
the  following  method  was  used.  A  disk  of  cardboard  50cm  in 
diameter  was  mounted  on  the  shaft  of  an  electric  motor,  the 
speed  of  which  could  be  determined  by  the  tracing  of  a  tuning- 
fork  on  a  smoked  metal  plate  mounted  on  the  same  shaft.  Near 
the  rim  of  the  disk  a  number  of  narrow  slits  were  cut,  varying 
in  width  from  I  mm  to  5  mm.  An  arc  light  was  focused  on  the 
rim  by  means  of  a  large  condensing  lens,  the  image  of  the  crater 
being  about  half  a  millimeter  in  diameter.  By  driving  the  disk 
at  a  high  rate  of  speed  intermittent  flashes  of  very  brief  duration 
were  obtained  as  the  slits  passed  across  the  arc's  image.     A  short 
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distance  behind  the  disk  a  rectangular  metal  tube,  provided  with 
a  slit  1.5  mm  wide,  was  mounted  immediately  opposite  the 
point  where  the  image  of  the  arc  fell  on  the  disk.  Down  this 
tube  the  plate  was  dropped,  receiving  in  its  passage  before  the 
slit  light  flashes  of  varying  duration.  The  plate  was  subse- 
quently exposed  to  candle  light  and  developed.  The  images  of 
the  slit  in  the  case  of  the  briefest  flashes  were  perfectly  sharp ; 
in  other  cases  they  were  broadened,  owing  to  the  rapid  motion 
of  the  plate.  This  made  the  interpretation  of  some  of  the 
records  difficult,  and  it  was  found  better,  when  working  with 
flashes  longer  than  1-2000  of  a  second  in  duration,  to  lower  the 
plate  down  the  tube  with  a  thread.  A  print  from  one  of  these 
plates  is  shown  in  Fig.  2.  In  this  case  there  were  two  I  mm  slits 
on  the  rim  of  the  disk  not  very  far  apart,  then  further  around 
a  somewhat  wider  slit,  and  after  this  a  still  wider  one.  It  will 
be  seen  that  the  slit  images  formed  by  the  two  very  short  flashes 
are  completely  reversed,  while  the  others  are  reversed  on  their 
edges  only. 

If  the  plate  moves  during  the  exposure,  as  was  the  case  in 
this  photograph,  it  is  obvious  that  the  edges  of  the  slit  image 
will  receive  less  exposure  than  the  center,  which  accounts  for 
the  partial  reversal.  As  the  result  of  exposing  about  two  dozen 
plates,  it  was  found  that  the  duration  of  the  shock  could  be  as 
long  as  1 -1000  of  a  second,  and  still  yield  reversals.  It  was 
only  by  carefully  regulating  the  intensity  of  the  fogging  light 
and  the  duration  of  the  development  that  these  reversals  could 
be  obtained.  When  the  duration  is  less  than  1-2000  sec. 
reversals  could  be  obtained  without  difficulty.  Flashes  varying 
in  duration  from  1- 15000  sec.  to  1-500  sec.  were  studied,  and  it 
was  found  that  as  the  duration  of  the  shock  was  increased  the 
reversals  became  weaker,  the  images  finally  failing  to  appear  at 
all  on  the  plate,  notwithstanding  the  longer  duration  of  the  flash. 
On  still  further  increasing  the  duration  the  images  came  out  not 
reversed.  There  may  be  some  connection  between  the  condition 
in  which  the  light-shocks  fail  to  develop  at  all,  and  the  zero 
condition  of  the  plate  described  by  Xipher. 

The  experiment  in  which  the  fogging  of  the  plate  was  effected 
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by  exposure  to  ultra-violet  light  furnished  by  a  quartz  spectro- 
graph shows  that  the  time  factor  plays  a  role  in  the  case  of  the 
fogging  light  as  well  as  in  the  light-shock. 

It  was  found  that  if  the  fogging  light  was  rather  intense,  but 
of  short  duration,  the  image  of  the  light-shock  did  not  reverse ; 
if  the  light  was  less  intense,  but  of  a  little  longer  duration,  no 
tiace  of  the  shock  appeared;  while  if  the  light  was  still  less 
intense,  and  of  somewhat  longer  duration,  the  image  came  out 
reversed.  With  a  suitable  ratio  of  intensities  and  durations  of 
time,  it  is  possible  to  superpose  two  impressions  on  a  photo- 
graphic plate,  only  one  of  which  appears  on  development. 

This  effect  is  shown  in  Fig.  3.  A  series  of  spark  images 
of  equal  intensity  was  impressed  on  the  plate,  which  was  then 
fogged  in  sections,  the  lower  strip  being  exposed  to  the  light 
of  one  spark  at  a  distance  of  a  meter,  the  next  to  the  light 
of  four  sparks  at  a  distance  of  two  meters,  the  next  to  nine 
sparks  at  three  meters,  and  so  on.  The  total  amount  of  fogging 
light  was  thus  approximately  the  same  in  each  case,  though  it 
was  found  that  considerably  greater  action  was  produced  by  a 
large  number  of  sparks  at  a  considerable  distance  than  by  a 
single  spark  close  to  the  plate.  It  will  be  noticed  that  on  the 
third  strip  from  the  bottom  there  is  scarcely  a  trace  of  the  spark 
images.  The  ratio  of  the  times  of  duration  of  the  shock  and 
the  fogging  light  was  in  this  case  about  1  :  9.  On  the  two  strips 
below  this  one  the  sparks  appear  not  reversed,  while  on  ail  the 
strips  above  reversal  has  taken  place. 

A  more  careful  quantitative  investigation  of  these  effects  is 
much  to  be  desired,  with  apparatus  of  such  design  that  the 
duration  and  intensity  of  both  the  light-shock  and  fogging  light 
can  be  accurately  controlled. 

I  am  of  the  opinion  that  the  result  of  such  an  investigation 
would  be  the  establishment  of  the  fact  that  with  very  brief  and 
intense  light-shocks,  comparatively  intense  fogging  light  of 
short  duration  will  yield  reversals,  while  in  the  case  of  shocks 
of  say  I- 1000  second  duration,  the  fogging  light  must  be  feeble 
and  of  long  duration  in  order  that  reversals  may  be  obtained. 
My  plates  appear  to  indicate  this  qualitatively,  but  quantitative 
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data  could  doubtless  be  obtained  with  suitable  apparatus.  As  I 
shall  show  later,  it  is  possible  to  administer  the  shock  in  such 
a  manner  that  it  comes  out  reversed  even  when  the  fogging  light 
is  the  flash  of  a  single  spark. 

I  have  tried  to  obtain  some  idea  of  the  action  of  the  light- 
shock,  by  attempting  to  transform  its  effect  on  the  plate  into  an 
effect  similar  to  that  produced  by  ordinary  exposure,  by  means 
of  the  action  of  various  chemical  agents.  These  experiments 
were  all  failures,  but  the  interesting  fact  was  ascertained  that  an 
ordinary  exposure  appeared  to  be  transformed  into  a  shock 
exposure  by  the  action  of  a  dilute  bath  of  bichromate  of  pot- 
ash slightly  acid  with  HNOy  This  effect  is  shown  in  Fig.  4.  A 
series  of  spark  images  was  impressed  on  the  plate,  and  then  a 
series  of  images  obtained  by  illuminating  the  plate  with  the 
light  of  a  candle  shining  through  a  slit  in  a  piece  of  black  paper. 
One-half  of  the  plate  was  then  dipped  into  the  bath,  washed 
and  dried,  exposed  to  the  light  of  a  candle,  and  developed.  A 
print  from  this  plate  is  reproduced  in  Fig.  4.  On  the  upper 
portion,  which  was  treated  with  bichromate,  both  the  spark 
images  and  slit  images  appear  reversed;  on  the  lower  the  latter 
are  not  reversed.  This  experiment  merely  shows  that  a  plate 
which  has  been  exposed  to  light  in  certain  places  and  then 
treated  with  the  bichromate  solution  is  less  sensitive  to  the  action 
of  subsequent  illumination  on  the  spots  which  have  previously 
received  light.  The  condition  may  appear  at  first  sight  to  be 
similar  to  that  produced  by  a  light-shock,  but  there  is  in  reality 
no  connection  between  the  two,  for  while  light-shocks  not 
followed  by  fogging  can  be  developed  as  not  reversed  images,  the 
"bichromatized  images"  do  not  develop  at  all,  unless  the  plate 
is  fogged  before  development. 

The  nearest  approach  which  I  have  been  able  to  make  to  the 
transformation  of  the  effect  of  a  light-shock  into  that  due  to 
ordinary  exposure,  is  by  the  action  of  the  X  rays.  It  was  found 
that  spark  images  could  not  be  reversed  under  any  circum- 
stances, if  the  plate  was  fogged  by  these  rays  instead  of  candle 
light.  To  prove  that  the  case  was  not  analogous  to  the  one  in 
which    ultra-violet    light    failed   to    give   reversals   owing   to  the 


PHO  TOGRAPHIC  RE  VERSA LS  3  69 

comparatively  brief  duration  of  the  illumination,  long  exposures 
were  made  with  the  X-ray  tube  at  a  considerable  distance.  Not 
only  were  reversals  never  obtained,  but  it  was  found  that,  after  a 
brief  exposure  to  the  rays,  fogging  the  plate  by  lamplight  failed 
to  reverse  the  spark  images.  This  seemed  very  remarkable,  for 
it  was  subsequently  ascertained  that  X-ray  images  could  be 
reversed  even  when  produced  by  long  exposure  to  feeble  radia- 
tion, by  subsequent  exposure  of  the  plate  to  lamplight.  This 
effect  is  shown  in  Plate  XXII,  Fig.  5. 

The  spark  images  were  impressed  first.  The  plate  was  then 
exposed  in  vertical  strips  to  the  action  of  the  X  rays  for  varying 
lengths  of  time,  the  left-hand  strip  receiving  the  longest 
exposure,  while  the  right-hand  strip  was  not  exposed  at  all. 
Following  this,  came  an  exposure  in  horizontal  strips  to  lamp- 
light, the  lower  strip  having  the  longest  exposure,  and  the  upper 
none  at  all.  It  will  be  seen  that  there  is  no  trace  of  reversal  in 
the  upper  left-hand  corner,  where  the  fogging  is  due  almost 
wholly  to  X  rays,  while  reversed  edges  appear  on  all  of  the 
sparks  in  the  lower  right-hand  corner,  where  the  fogging  was  due 
to  light  ;  moreover,  in  the  lower  left-hand  corner,  where  the  X- 
ray  fog  preceded  the  light  fog,  the  images  are  not  reversed. 

On  investigating  the  matter  further  I  found  that  shocks 
administered  by  single  powerful  flashes  of  X  rays  were  reversed 
by  subsequent  exposure  to  lamplight.  In  this  case,  however, 
the  time  element  appears  to  be  without  much  influence,  for 
images  formed  by  long  exposure  to  very  feeble  X  radiation 
reverse  in  the  same  manner.  This  seems  very  remarkable,  when 
we  consider  the  fact  that  exposure  to  these  rays  changes  the 
condition  produced  by  light-shock  in  some  manner,  so  that  it  is 
impossible  to  reverse  it  by  further  fogging. 

The  reversal  by  X  rays  is  illustrated  in  Fig.  6.  A  plate  was 
wrapped  up  in  black  paper  and  exposed  to  the  radiation  for  sev- 
eral minutes,  a  vertical  iron  rod  shielding  the  center  strip  of  the 
plate.  The  plate  was  then  exposed  to  lamplight  for  different 
lengths  of  time  in  strips  perpendicular  to  the  shadow  of  the  iron 
rod.  On  development  it  was  found  that  on  the  end  of  the  plate 
which  had  received  the  shorter  exposures  to  light,  the  central 
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strip  came  out  lighter  than  the  background,  while  on  the  oppo- 
site end  of  the  plate  it  was  darker.  At  a  certain  point  near  the 
center  of  the  plate  all  trace  of  the  shadow  of  the  rod  had  disap- 
peared, showing  that  exposure  to  X  rays  for  some  time  and 
then  to  light  for  a  certain  time  produces  an  image  no  blacker 
than  the  light  alone  would  have  produced. 

I  next  ascertained  that  if  the  plate  be  exposed  simultaneously 
to  light  and  X  rays,  the  latter  inhibit  the  action  of  the  former. 
A  candle  and  an  X-ray  tube  were  set  up  at  some  little  distance 
apart  in  front  of  a  plate,  the  latter  being  much  nearer  the  plate, 
however,  owing  to  its  less  energetic  action.  An  iron  rod  mounted 
in  front  of  the  plate  cast  two  shadows  upon  the  sensitive  film, 
one  projected  by  light,  the  other  bv  X  rays.  After  exposure 
the  plate  was  developed,  with  the  curious  result  that  one 
shadow  was  darker  than  the  background,  the  other  lighter,  show- 
ing that  the  light  was  more  energetic  in  its  action  on  the  area 
screened  from  the  X  radiation.  It  may  be  worthy  of  mention 
that  both  this  result  and  the  preceding  one  were  predicted  before 
the  actual  experiments  were  tried.  The  prediction  was  the  result 
of  an  attempt  to  apply  Hose's  strain  theory  of  photographic 
action1  to  the  phenomena  in  question.  This  theory  seemed 
rather  promising  at  first,  especially  as  it  enabled  me  to  predict 
new  phenomena,  but  it  failed  to  account  for  so  many  things  that 
I  was  finally  forced  to  abandon  it. 

The  action  of  other  stimuli  was  next  investigated.  It  has 
long  been  known  that  pressure  marks  on  the  film  can  be  devel- 
oped. I  found  that  if  the  plate  was  fogged  by  lamplight  before 
developing,  the  pressure  marks  came  out  reversed.  It  then 
occurred  to  me  to  try  the  effect  of  light-shocks  on  pressure 
marks,  and  I  found  to  my  surprise  that  the  flash  of  a  single  spark 
was  as  effective  in  reversing  the  pressure  mark  as  the  exposure 
to  the  lamp.  The  pressure  marks  can  also  be  reversed  by  expo- 
sure to  X  rays. 

As  a  result  of  numerous  other  experiments,  I  finally  found 
that  if  we  arrange  the  stimuli  in  the  following  order,  pressure 
marks,  X  rays,  light-shock,  and    lamplight,  an  impression  of  any 

1  J-  C  !><->^K,  P/vc.  A\'V.  S(',\,  70,  1S5,  1902. 
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one  of  them  can  be  reversed  by  subsequent  exposure  to  any 
other  following  it  in  the  list,  but  under  no  circumstances  by  any 
one  preceding  it.  For  example,  pressure  marks  can  be  reversed 
by  any  one  of  the  other  three  stimuli,  while  X-ray  images  are 
reversed  only  by  light-shock  and  lamplight. 

Experiments  with  Becquerel  rays  have  given  rather  uncertain 
results.  Pressure  marks  can  be  reversed  by  them,  and  they  in 
turn  can  be  reversed  by  lamplight,  but  these  were  the  only  two 
cases  in  which  reversals  were  obtained,  which  makes  it  difficult 
to  fit  the  rays  into  the  series  and  still  have  the  rule  hold. 

These  experiments  show  that  the  effects  of  the  different  kinds 
of  stimuli  on  the  sensitive  film  are  quite  different.  Much  more 
experimental  work  will  have  to  be  done  before  any  definite  notion 
can  be  obtained  as  to  the  nature  of  the  changes  produced  by  the 
action  of  radiation  of  any  sort,  and  it  is  hoped  that  the  experi- 
ments described  in  this  paper  may  prove  suggestive  to  others. 
Doubtless  an  exhaustive  study  of  the  action  of  various  chemical 
agents  on  the  plate  between  the  two  exposures  would  throw 
much  light  on  the  cause  of  the  reversals. 

If  I  interpret  the  strain  theory  correctly,  the  application  to 
these  phenomena  would  be  to  assume  that  the  light-shock  pro- 
duces a  negative  strain,  while  lamplight  produces  a  positive 
strain,  either  of  which  yields  an  image  on  development.  The 
reversal  in  cases  where  the  lamplight  follows  the  impression  of 
the  light-shock  could  be  explained  by  assuming  that  the  nega- 
tive strain  has  to  be  undone  before  the  positive  strain  can  begin  ; 
consequently  these  parts  of  the  plate  lag  behind  the  parts  which 
have  not  received  the  light-shock.  We  should  then  have  to 
assume  that  the  positive  strain  once  started  can  be  continued  by 
a  stimulus  which,  acting  first,  would  have  produced  a  negative 
strain,  in  order  to  account  for  the  fact  that  exposures  to  lamp- 
light are  not  reversed  by  light-shocks.  Moreover,  it  is  difficult 
to  explain  on  the  strain  theory  that  two  different  stimuli  acting 
in  succession  may  produce  only  the  same  effect  as  one  of  them 
acting  alone.  It  appears  to  me  that  the  strain  theory  would  lead 
us  to  suppose  that  the  negative  strain  produced  by  the  first 
stimulus  might  be  exactly  neutralized   by  a  stimulus  which  pro- 
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duces  a  positive  strain,  the  plate  returning  to  its  original  condi- 
tion, i.  e.t  not  darkening  on  development.  This  is  never  the 
case. 

In  cases  where  reversed  lines  appear  in  the  spectrum  which 
are  suspected  of  being  photographic  in  origin,  i.  e.,  not  true 
absorption  lines,  the  following  precautions  should  be  taken. 
Repeat  the  exposure  a  number  of  times,  using  successively 
smaller  diaphragms  in  front  of  the  prism.  If  the  reversal  is 
ordinary  solarization  due  to  overexposure,  it  should  disappear 
when  the  intensity  of  the  light  is  sufficiently  reduced.  It  seems 
to  me  that  in  such  cases  the  reversed  line  should  be  bordered  bv 
bright  edges,  which  does  not  seem  to  be  the  case  in  the  photo- 
graphs published  by  Professor  Trowbridge.  If  the  Clayden 
effect  is  suspected,  the  source  of  light  should  be  examined  with 
a  revolving  mirror,  to  determine  whether  a  dual  illumination  is 
present.  The  speed  of  the  mirror  should  not  be  too  great,  other- 
wise the  phosphorescence  (if  it  exists)  which  follows  the  very- 
brief  bright  line  flash,  may  be  spread  out  to  such  an  extent  that 
no  trace  of  it  appears.  This  may  account  for  the  failure  to 
obtain  evidence  of  a  dual  illumination  in  the  case  of  the  heavy 
discharges  in  quartz  tubes. 

Johns  Hopkins  University, 

Baltimore,  Md., 

May  1903. 
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AN  EARLY  PHOTOGRAPH  AND  PHOTOMETRIC  MAGNITUDES. 
By  J.  A.  Park  hurst. 

The  negative  of  the  Nova  region  taken  1903,  February  21, 
8h  22™  to  8h  42m,  C.  S.  T.,  was  mentioned  in  Bulletin  No.  19 
of  the  Yerkes  Observatory,1  but  the  cut  made  to  illustrate  it  was 
not  successful  and  was  therefore  omitted.  An  untouched  copy 
is  reproduced  here,  Plate  XXIII,  showing  a  star  of  magnitude 
14.5  apparently  coincident  with  the  present  position  of  the  Nova. 
The  photometric  magnitudes  of  four  faint  stars  near  the  Nova 
are  as  follows  : 


Star  No. 

Mag. 

Measures 

5 

13.II 
12.99 
14.89 
13-34 

3  nights 
2       '* 

6 

3 

1       '* 

I 

1       " 

The  numbers  given  for  identification  are  those  on  Professor 
Barnard's  drawing  of  the  region  on  page  304  of  the  Bulletin  No. 
19.  It  will  be  seen  that  the  Nova  is  a  little  brighter  than  star 
No.  3;  its  magnitude  on  February  21  is  therefore  estimated  at 
14.5.  It  will  be  noticed  that  the  photograph  agrees  with  Pro- 
fessor Barnard's  micrometer  measures  in  placing  the  Nova  farther 
north  than  star  No.  I,  whereas  the  object  taken  for  the  Nova  on 
the  photograph  by  Mr.  Dugan  at  Heidelberg  February  16,  and 
reproduced  in  Popular  Astronomy  for  May  1903,  page  260,  is  a 
little  farther  south  than  star  No.  1,  possibly  due  to  the  retouch- 
ing of  Mr.  Dugan's  print. 

Following  are  the  photometric  magnitudes  of  the  Nova,  pre- 
ceded by  a  list  of  standard  stars  and  the  comparison  stars  so  far 
used.     The  standards,  /,  gy  and  h,  were   m  easured  both  at   Har- 
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vard  (H.  C.  0.  Annals,  Vol.  XLV)  and  at  Potsdam,  the  difference 
between  the  means,  0.20  magnitude,  agreeing  closely  with  the 
systematic  difference  between  the  two  catalogues  ;  these  stars 
seem  therefore  well  adapted  for  standards.  For  the  comparison 
stars,  by  c,  d,  and  e,  the  magnitudes  given  in  the  columns  headed 
H.  and  P.  are  the  means  of  three  nights'  comparison  with  the 
standards  given  above,  H.  being  on  the  Harvard  basis,  and  P. 
the  Potsdam. 


STANDARDS. 


Harvard  and  Potsdam. 


B.D. 


Sta 


No. 


Mag. 


/ +29-1307 

kr !    30  131** 

// }  I    1  ^b  } 


7.0 
70 


H.C.O.P.D.M. 


7.3&  7-22 
7.13  I  7-50 
7.23     .    7.60 


Mean 


724     I    744 


COMPARISON  STARS. 


B.  P. 


Star 


No. 


29    1342 

29  1320 

30  I30O 
30    1302 


Mag. 

S.2 

7.8 
8.6 
9.2 


P. 


7-79  ;  7-99 

7.4b  |  7.b6 

9.09  '  9.29 

9.32  I  9.52 


MEASURED   MAGNITUDES  OF  THE  XOl'A,  HASED  ON  THE  HARVARD 

SCALE. 


G.  M.  T. 

MaK. 

Set- in« 

G.  M.  T. 

Mag. 

Seeing 

1003 

.   March 

27  -71  > 

8.51 

fair 

190;.  April 

7-574 

9.19 

clouds,  moon 

2*.UM) 

8.71 

8.5Q? 

9.  19 

moon 

20-00} 

8.8^ 

Ib. 96 1 

9.31 

good 

30.073 

8.70 

fair        ; 

2b . 67  I 

9.63 

hne 

3I.5SS 

8.80 

gOud        ' 

27-032 

9.4I 

good 

April 

3.504 

S  .  0  1 

clouds   ' 

30-591 

9-74 

good 

4-5S? 

8 .  go 

moon 

Mav 

3.621 

9-5° 

moon 

0-574 

0 .  1 9 

moon 

6.634 

9.50 

7-593 

0.84 

moon,  good 
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The  resulting  magnitudes  of  the  Nova  should  be  compared 
with  Professor  Barnard's  (given  elsewhere  in  this  number),  which 
are  based  on  photometric  measures  of  comparison  stars,  on  the 
Harvard  system. 

Fluctuations,  similar  to  those  of  Nova  Persei,  are  clearly 
shown,  as  indicated  in  the  measures  given  in  Bulletin  No.  19,  and 
noted  in  Harvard  Circulars  Nos.  127  and  128. 

Yerkes  Observatory, 
May  9,  1903- 


OBSERVATION'S  OF  XOVA   GEMIXORUM. 

By  E.  E.  Bar  n  a  r  r>. 

My  estimates  of  the  magnitudes  of  the  Xoz<?  were  made  by 
comparison  of  its  light  with  neighboring  stars,  the  magnitudes 
of  which  have  been  determined  by  Mr.  Parkhurst  with  the  pho- 
tometer. 

The  instruments  used  were  the  finders  of  the  forty-inch  and 
twelve-inch  refractors,  and  on  the  last  few  dates  ( May  7,  8,  9, 
and  10)  the  twelve-inch,  as  the  star  could  not  be  seen  in  the 
finder  because  of  moonlight  and  haze. 

The  observations  of  April  27  were  made  through  a  very  hazy 
sky,  and  the  estimations  were  more  or  less  difficult. 

At  first  the  Nova  was  of  a  strong  red  color,  but  it  has  since 
become  colorless.  On  March  29  there  was  not  much  color  seen 
in  the  twelve-inch,  though  it  was  a  little  redder  than  B.D.  +29: 
1342.  On  April  3,  with  the  same  instrument,  it  was  noted  as 
14  a  little  reddish;"  April  22,  also  with  the  twelve-inch,  it  was 
colorless  and  there  seemed  to  be  a  slight  difference  of  focus.  On 
April  27  and  28  no  trace  of  color  was  seen  with  the  forty-inch. 

In  the  first  observations  the Xova  showed  no  difference  in  focus 
from  that  of  an  ordinary  star  (see  Astrophysical  Journal,  17, 
302,  1903  j.  In  the  later  observations  there  seems  to  be  a  sen- 
sible change  in  the  focus  ;  this,  however,  has  not  been  properly 
verified. 

On  April  27  careful  observations  for  focus  were  made  with 
the  tortv-inch,  with  the  following  results  : 

Focus  for  Xova,  scale  reading  -  2.36  in.  (5   obs.). 

Focus  fur  star,  scale  reading  -  2. 28   in.  (5   obs.). 

Difference,  \0z\1  —  star        -  =  -^-  0.08  in.  (  =  2.0  mm). 

The  seeing  was  poor  and  the  settings  discordant  for  both 
objects.  I  think,  however,  that  this  indicates  a  real  change  of 
focus,  for  when  cither  object  was  in  the  best  focus  the  other  was 
somewhat  ill-defined.  Cloudv  weather  has  since  prevented  veri- 
fication of  this  with  the  fortv-inch. 
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On  April  6  the  crimson  image  seen  on  March  30  {loc.  cit.% 
p.  303)  was  still  present,  though  not  so  strong  and  definite.  On 
April  27  it  had  entirely  disappeared,  the  out-of-focus  image  of 
the  Nova  resembling  that  of  an  ordinary  star.  Cloudy  weather 
had  prevented  any  observation  by  me  with  the  large  telescope 
between  April  7  and  27.  I  am  therefore  unable  to  say  just  when 
this  change  took  place;  it  would  perhaps  not  be  far  from  the 
middle  of  April. 


OBSERVED 

mag; 

NITUDE! 

5    OF    NOVA  GEM  I  NO  Rl 

Central 
Standard  Time. 

Mag. 

1903,  March 

27 

I2h 

30m 

8.00 

29 

9 

0 

-     8.81 

30 

9 

0 

8.82 

31 

7 

20 

-     8.84 

April 

3 

8 

0 

8.96 

4 

7 

40        - 

-     9.04 

6 

9 

0 

9.15 

7 

10 

20 

-     9.22 

9 

8 

0 

9.12 

16 

7 

40        - 

-     9.12 

17 

9 

0  ■ 

9.20 

22 

7 

50    - 

-     9.20 

24 

8 

15 

9.92 

26 

8 

30    - 

-     9.81 

27 

8 

30 

9.90 

28 

8 

30     - 

-     10.18 

May 

3 

8 

20 

9.80 

6 

8 

10 

-     9.80 

7 

9 

10 

9.S7 

8 

8 

30        - 

-     9-77 

10 

8 

10 

Q-77 

18 

8 

30     - 

-   10.02 

19 

8 

30 

10.07 

At  the  observation  of   March   27  the  star  was  very  low  and 
the  estimated  magnitude  is  unreliable. 

Yerkes  Observatory, 
May  11, 1903. 
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PARALLAX  OF  THE  BINARY  SYSTEM  8  EQUULEI* 

The  object  of  this  communication  is  to  present  a  value  of  the 
parallax  of  8  Equulci  obtained  by  using  as  data  the  elements  of  the 
orbit  derived  from  micrometrical  measures  and  the  relative  velocity  of 
the  components  in  the  line  of  sight  furnished  by  spectroscopic  obser- 
vations. While  the  result  given  is  merely  provisional,  one  to  be 
improved  when  better  elements  of  the  orbit  are  available,  as  they  no 
doubt  will  be  after  two  or  three  years  more,  yet  it  is  thought  that  it  has 
already  a  measure  of  certainty  which  places  it  in  the  list  with  the  more 
accurately  determined  stellar  parallaxes.  Moreover,  the  manner  of  its 
derivation  differs  from  previous  determinations.  The  use  of  compari- 
son stars  and  the  uncertainties  of  their  assumed  distances  are  elimi- 
nated. In  theory  the  method  leads  to  an  absolute  value  of  the  parallax, 
and  not  to  a  relative  one,  as  is  necessarily  the  case  when  comparison 
stars  are  employed. 

The  mathematical  relations  connecting  the  elements  of  the  orbit  of 
a  binary,  the  relative  velocity  of  its  components  in  the  line  of  sight, 
and  the  parallax  of  the  system,  have  long  been  known.  Applications 
have  hitherto  been  wanting,  for  the  reason  that  no  double  stars  had 
been  found  which  furnished  all  the  data  needed.  8  Equulei  has  proven 
an  exception.  The  elements  of  its  orbit  are  approximately  known, 
and  in  1901,  at  the  time  of  the  last  periastron  passage,  the  relative 
velocity  of  the  components  in  the  line  of  sight  was  so  great  that  the 
spectra  of  the  two  stars  were  displaced  to  a  measurable  extent. 

In  the  Monthly  Notices  of  the  Royal  Astronomical  Society  for 
March  1890,  Professor  Arthur  A.  Rambaut  has  given  the  following 
simple  formula  for  computing  the  parallax  of  a  binary  from  the  data 
here  considered  : 

l<r  1     1  —  r  sin  (<j>  —  X)  sin  / 
V  Pr  J     1  —  r  cos2  <f> 

In  this  equation  /'denotes  the  periodic  time,  a  the  mean  distance, 
e  the  eccentricity,  /'  the    inclination,  /-  the   radius  vector,  \  the   angle 
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between  the  line  of  nodes  and  the  major  axis  of  the  true  ellipse,  <t>  the 
angle  between  the  tangent  to  the  orbit  and  the  major  axis,  V iht  rela- 
tive velocity  of  the  components  in  the  line  of  sight  as  furnished  by  the 
spectroscopic  observations,  /the  velocity  of  the  Earth  in  its  orbit,  and 
7T  the  parallax  of  the  system. 

The  elements  of  the  orbit  of  h  Equulei  are  still  imperfectly  known. 
A  nearly  continuous  record  of  the  motion  of  the  companion  during 
the  next  three  years  is  necessary  to  remove  effectively  the  uncertainties 
which  still  exist  in  their  values.  Eight  times  since  the  discovery  of 
this  binary  the  companion  has  passed  over  the  arc  which  it  will  describe 
during  the  next  three  years,  and  numerous  observations  relate  to  this 
portion  of  the  orbit.  But  the  measures  are  more  or  less  discordant, 
and  on  this  account  additional  ones  are  required  to  fix  with  certainty 
the  direction  and  magnitude  of  the  greatest  apparent  distance.  When 
these  measures  are  obtained  and  the  elements  of  the  orbit  revised,  we 
shall  have  the  data  which  will  give  an  accurate  value  of  the  parallax  of 
the  system.  A  consideration  of  the  material  at  present  available  appears 
to  show  that  the  changes  which  will  probably  take  place  in  the  elements 
due  to  the  revision  of  the  orbit  will  not  greatly  alter  the  value  of  the 
parallax  which  may  now  be  derived,  and  it  is  on  this  account  that  a 
provisional  value  is  here  presented. 

During  the  past  three  years  this  binary  has  been  followed  closely 
at  the  Lick  Observatory  and  much  has  been  done  to  advance  our 
knowledge  of  its  orbit.  It  has  been  shown  that  the  periodic  time  is 
about  5.7  years;  that  the  last  epoch  of  periastron  passage  was  about 
1901.5;  that  the  apparent  distance  at  periastron  is  about  ofi5;  that 
the  inclination  is  greater  than  given  by  the  trial  elements  which  I 
printed  in  the  Publications  of  the  Astronomical  Society  of  the  Pacific  for 
December  1900,  and  afterwards  in  Vol.  V  of  the  Publications  of  the 
Lick  Observatory,  being  perhaps  as  much  as  82 °  or  83°  ;  and  that  the 
mean  distance  is  probably  a  little  larger  than  given  by  those  elements. 
Further,  it  is  known  that  the  line  of  nodes  and  the  projection  of  the 
major  axis  of  the  orbit  are  nearly  coincident. 

If  we  retain  the  line  of  nodes  and  the  angle  between  the  line  of 
nodes  and  the  major  axis,  the  true  ellipse  as  given  by  my  published 
elements,  and  put  the  mean  distance  equal  to  0^28  and  the  eccentricity 
equal  to  0.46,  we  get  of  151  and  0^409  as  the  periastron  and  apastron 
distances. 

The  relative  velocity  of  the  components  in  the  line  of  sight  at  the 
epoch  of  periastron  passage,  as  determined  by  the  observers  using  the 
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M.'!s  ^pe'To^raph.*  wa<;  abo'it  20.3  miles  per  second.  At  the  same 
*:me  the  KartrA  orb:*al  velocity  was  about  iv:  miles  per  second.  At 
p'*nastron  <t>  becomes  00  or  27c".  and  with  A— 170 ".  we  have  <b  —  A 
91:  >'j»r-tif it:n^r  these  values  in  Professor  Rambaut's  formula  we 
ire* 

7T  —  c.'c7  I. 

It  U  evidently  impossible  to  irive  the  probable  error  of  this  result, 
'^ome  of  tlie  quantities  upon  which  it  depends  are  much  better  deter- 
ini:j':d  than  others.  It  happens  that  those  which  appear  to  be  the 
most  uncertain  mav  varv  considerably  without  greatlv  affecting  the 
resulting  value  of  the  parallax.  For  example,  considerable  variations 
may  take  place  in  the  values  of  /and  A  without  greatly  changing  the 
values  of  sin  /and  sin  (<£  —  A)  which  appear  in  the  formula.  Of  the 
other  quantities  those  which  appear  the  least  certain  are  the  mean  dis- 
tance and  the  eccentricity.  From  a  consideration  of  all  the  past 
measures  it  appears  highly  improbable  that  the  apastron  distance  can 
be  as  much  as  c'05  greater  or  less  than  the  value  used  above.  If  we 
vary  the  apastron  distance  and  eccentricity  together  so  as  to  keep  the 
already  well -determined  periastron  distance  constant,  and  further 
retain  the  other  elements  of  the  computation  as  used  above,  we  shall 
find  that  the  apastron  distance  and  parallax  increase  together,  but  the 
former  at  about  four  times  the  rate  of  the  latter.  From  this  con- 
sideration it  appears  improbable  that  the  parallax  will  be  altered  so 
much  as  o. '01  2  owing  to  changes  which  take  place  in  the  values  of  a 
and  r  due  to  the  revision  of  the  elements  of  the  orbit. 

The  mass  of  the  system  corresponding  to  the  parallax  given  above, 
and  the  mean  distance  and  the  periodic  time  used  in  its  derivation,  is 
1. So,  the-  mass  of  the  Sun  being  taken  as  unity.  The  components  of 
this  pair  are  slightly  unequal  in  brightness,  and  perhaps  also  in  mass. 
One  may  be  as  massive  as  the  Sun,  but  it  cannot  much  exceed  it. 

The  mean  distance  at  which  these  stars  perform  their  revolutions  is 
about  four  times  that  of  the  Earth  from  the  Sun.  But  owing  to  the 
eccentricity  of  the  orbit  the  range  in  distance  is  enormous.  At  perias- 
tron the  stars  are  separated  by  a  space  only  a  little  greater  than  two 
astronomical  units,  while  at  apastron  it  is  five  of  these  units. 

It  would  form  an  interesting  analytical  problem  to  investigate  the 
ctlect  of  tidal  action  upon  the  relative  orbit  of  this  system.  The  data 
are  pretty  well  ascertained.      Broadly  speaking  the  stars  have  spectra 

'  lut'lctin  of 'the  f.ick  Observatory  No.  4.  and  Publications  of the  Lick  Observatory,  5 
J  1  1. 


MINOR  CONTRIBUTIONS  AND  NOTES 


381 


of  the  solar  type,  and  being  comparable  with  the  Sun  in  mass,  it  would 
seem  not  unreasonable  to  assume  that  their  densities  are  approximately 
the  same  as  that  of  the  Sun. 

William  J.  Hussey. 
February  23,  1903. 


TWO   STARS   WITH  VARIABLE    RADIAL   VELOCITIES. 

In  the  course  of  our  most  recent  work  with  the  Bruce  Spectrograph 
on  stars  having  spectra  of  the  Orion  type  the  two  stars  u  Herculis  and 
57  Ox,/;  nave  Deen  found  to  show  large  variations  in  their  radial 
velocities. 

The  data  for  these  stars  are  as  follows : 

v  HERCULIS  (a=i7h  I4m;fi=-f  33c  12  ;  Mag.  =  4.o) . 


Plate 


C23 

C34 

DB6 

DB17 


Date 


Taken  by 


1903,  February  19 
March  18 
May  7 
May  9 


A. 
F. 
A. 
A. 


Velocity     'No.  of  Lines  Measured  by 

!  1 


-  65 

-  44 
+  101 

+  9* 


A. 
A. 
A. 
A. 


This  star  is  of  especial  interest  on  account  of  being  a  photometric 
variable  of  irregular  period.  The  lines  of  its  spectrum  are  broad  and 
diffuse,  and  the  measures  are  consequently  uncertain  to  the  extent  of 
several  kilometers. 

57  CYGXI  (a  =  2oI>  50"' ;  6  =  -f  44    o  J  Maj,\  =  46 1. 


Plate 


Date 


DB22 
DB24 


1903,  May  16 
May  17 


Taken  by 


F. 
A. 


Velocity      No.  of  Lines.  Measured  by 


-114 
—    23 


On  plate  22  the  magnesium  line  at  X 448 1.4  appears  to  have  a 
second  component,  which  is  displaced  toward  the  red  by  an  amount 
corresponding  to  a  velocity  of  about  +  56  km.  No  second  component 
can  be  seen  on  plate  24.  In  this  connection  it  may  be  stated  that  on 
different  plates  we  often  find  marked  differences  in  the  distinctness  of 
the  lines  in  spectra  of  stars  varying  rapidly  in  velocity,  doubtless  in 
part  due  to  the  change  of  velocity  during  the  exposure. 

In  the  list  of  plates  given  above  those  belonging  to  series  C 
were  taken  with  the  short-focus  camera,  to  which  reference  has  already 
been  made  in  our  communication  in  the  April  number  of  this  Jotknal. 
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The  plates  of  series  DB  were  taken  with  a  dispersion  of  one  prism  and 
the  regular  camera  of  twenty-four  inches  focal  length.  For  this 
apparatus  two  of  the  prisms  of  the  Bruce  spectrograph  are  removed, 
and  auxiliary  castings  added  to  support  the  camera  tube  at  the  neces- 
sary angle  in  reference  to  the  first  prism.  Especial  attention  was 
given  to  the  stability  of  the  support,  and  the  results  obtained  are 
entirely  satisfactory  in  this  respect.  The  scale  of  the  plates  is,  of 
course,  very  closely  one-third  that  given  by  the  three  prisms.  In  the 
case,  however,  of  stars  which  have  wide  and  diffuse  lines  in  their 
spectra,  the  narrowing  of  these  lines,  and  the  consequent  increase  in 
the  accuracy  of  the  measures  upon  them,  largely  counteracts  the  effect 
of  the  smaller  scale,  so  that  the  final  values  often  compare  favorably 
with  those  obtained  with  the  use  of  the  higher  dispersion.  The  con- 
siderable increase  in  the  number  of  measurable  lines,  through  the 
additional  extent  of  spectrum  which  is  brought  into  focus,  also  con- 
tributes materially  to  this  result. 

Edwin  B.  Frost  and  Walter  S.  Adams. 

Yerkks  Ohskrvatory, 
May  i<),  1903. 
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THE  CONSTRUCTION    OF  A  SENSITIVE    GALVANOM- 
ETER FOR  SPECTRO-BOLOMETRIC  PURPOSES. 

By  C.  G.  Abbot.1 

Since  1896  the  galvanometers  used  for  holographic  purposes 
at  the  Smithsonian  Astrophysical  Observatory  have  been  more 
or  less  improved  every  year  at  the  hands  of  the  Observatory  staff, 
with  the  encouragement  and  approval  of  the  director,  Secretary 
Langley,  who  has  so  kindly  introduced  this  paper,  which  is  a 
description  of  the  results  so  far  reached.  For  holographic  pur 
poses  reflectinggalvanometers  of  low  resistance  and  comparatively 
short  time  of  swing  are  best  suited.  Solar-energy  spectra  are  now 
bein^  taken  at  the  Smithsonian  Observatory  with  a  galvanometer 
of  1.6  ohms  resistance,  usually  employed  at  \]/2  seconds  time  of 
single  swing  of  the  needle;  though  for  certain  very  delicate 
experiments  the  time  of  single  swing  is  sometimes  as  high  as  10 
seconds.  It  may  then  be  said  that  it  is  aimed  to  measure  the 
least  possible  current  with  a  galvanometer  of  1.6  ohms  resistance 
at    10  seconds  single  swing  of  the   needle.     It  is  well  to  make 

*A  paper  read  before  Section  B  of  the  American  Association  for  the  Advance- 
ment of  Science,  December  30,  1902,  after  introductory  remarks  by  S.  P.  Langley,  Sec- 
retary of  the  Smithsonian  Institution.     It  is  here  published  with  his  permission. 
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here  a  distinction  between  computed  sensibility  and  working  sen- 
sitiveness, for  it  may  happen  that  an  instrument  of  less  computed 
sensitiveness  is  capable  of  measuring  smaller  currents  than 
another  whose  high  figure  of  sensibility  is  overbalanced  by 
unsteadiness  of  its  needle  system.  This  consideration  leads  me 
to  suggest  that  possibly  it  might  be  fairer  to  compare  galva- 
nometers on  a  basis  of  the  least  current  wrhich  can  be  read  with 
them,  or  at  least  to  give  this  in  addition  to  the  usual  statement 
of  computed  sensibility. 

In  common  with  other  laboratories,  the  Smithsonian  Observa- 
tory has  greatly  profited  by  the  introduction  of  Professor  Boys' 
quartz  fibers  and  by  diminishing  the  size  of  the  needle  system  and 
mirror  of  the  galvanometer.  These  improvements  were  intro- 
duced about  1893  *n  tne  galvanometer  described  by  Mr.  Wads- 
worth  x  and  used  for  bolographic  purposes  up  to  the  autumn  of 
1896.2 

In  September  1896  the  Observatory  was  visited  by  Professor 
Kayser,  of  Bonn,  who  expressed  the  belief  that  a  galvanometer 
of  considerably  greater  sensitiveness  might  be  employed.  He 
referred  especially  to  the  excellent  instrument  of  Paschen,  and 
to  a  galvanometer  which  he  had  seen  at  Baltimore,  of  some- 
what similar  design  to  Paschen's.  Acting  upon  this  suggestion, 
Mr.  Langlcy  addressed  a  letter  of  inquiry  to  Professor  Paschen. 
and  he  was  so  good  as  to  send  in  reply  quite  an  account  of  his 
instrument.  I  also  went  to  Baltimore  and  saw  the  galvanometer 
being  set  up  by  Messrs.  Mendenhall  and  Saunders.  These 
instruments  seemed  to  gain  in  sensitiveness  chiefly  by  diminish- 
ing the  dimensions  of  the  needle  system,  and  as  an  aid  to  this 
the  dimensions  of  the  coils  were  also  small. 

Beginning  with  the  autumn  of  1896  experimental  and  theo- 
retical work  has  gone  on  in  the  Smithsonian  Observatory  at  fre- 
quent   intervals,   with    the    object   of    improvement   in    all    the 

1  Phil.  Max.,  38,  553-55**,  1894. 

3  As  last  cmploved  with  a  needle  system  of  31  milligrams  weight,  constructed 
by  the  writer,  this  instrument  of  about  20  ohms  resistance  gave  a  deflection  of  I  milli- 
meter on  a  scale  at  1  meter  with  a  current  of  bxio- lo  amperes  when  the  time  of  single 
swing  was  4  seconds.  At  this  time  of  swing  the  needle  was  ideally  steady,  so  that 
deflections  of  o.i  millimeter  could  readily  be  observed. 
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branches  of  galvanometer  construction,  including  the  coils,  the 
needle  system,  the  case,  and  the  accessories.  In  what  follows 
the  principal  results  of  this  study  will  be  stated. 

THE    COILS. 

Best  resistance. — The  bolometric  circuit  with  which  the  galva- 
nometer is  connected,  consists,  as  is  well  known,  of  a  balanced 
Wheatstone's  bridge.  In  our  practice  one  of  the  four  resistances 
of  this  bridge  is  a  fine  flattened  platinum  wire  subjected  to  changes 
of  temperature  through  the  absorption  of  radiation.  For  the 
sake  of  symmetry  a  second  one  of  the  four  resistances  is  a  simi- 
lar strip  of  platinum  close  to  the  first,  but  protected  from  radia- 
tion by  means  of  diaphragms.  The  other  two  resistances  are 
coils  of  platinoid  wire.  The  battery  is  connected  between  the 
junction  of  the  two  coils  and  the  junction  of  the  two  strips,  while 
the  galvanometer  is  connected  between  the  junction  of  one  strip 
with  one  coil  and  the  other  corresponding  point.  It  is  shown  in 
the  Annals  of  the  Astrophysical  Observatory  of  the  Smithsonian  Insti- 
tution, Vol.  I,  p.  246,  that  the  condition  of  maximum  galvanom- 
eter deflection  requires  the  resistance  of  the  two  coils  to  be 
large  in  comparison  with  the  strips. 

Let  a  and  ( a  -\ — I  be  the  resistances  of  the  two  bolometer 

strips ;  {m  being  a  large  number) ;  na  the  resistance  of  each  bal- 
ancing coil ;  G  the  resistance  of  the  galvanometer ;  C  the  current 
in  the  bolometer  strip  whose  resistance  is  a;  g  the  current  flow- 
ing through  the  galvanometer ;  A  the  deflection  of  the  galva- 
nometer, and  k  a  constant. 
Then 


g      m      ,    Gfi  +"\  .  (1) 


•+sm 


When,  asjwith  the  coils  shortly  to  be  described, 

±  =  kfG™  ,  (2) 

we  have  by  substitution 


«. c  G"s 

m 


2  + 


im  ■ 


(3) 
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In  this  expression  A  is  a  maximum  with  respect  to  n  when 
n  is  infinitely  great,  and  with  respect  to  G  when 


m  ?=■•<«• 


If  n  is  large,  this  becomes  approximately 

G 

—  =  1.64  . 


(4) 


(5) 


The    two    following  tables    indicate   how    much    is    lost    by 
departure  from  these  conditions  of  maximum  deflection : 


n 

% 

I 

2 

3 

4 

OC 

A 

44 

71 

82 

87 

89 

100 

(^)f 

0.0164 

0.164 

0.82 

1.64 

3.28 

16.4 

164 

A 

23 

60 

95 

100 

94 

56 

18 

It  appears  that  the  conditions  of  maximum  sensitiveness  of 
the  bolometric  circuit  as  used  here  are  closely  approximated 
when  the  balancing  coils  are  upward  of  four  times  the  resistance 
of  the  bolometer  strips,  and  the  galvanometer  resistance  is  not 
less  than  six  tenths,  or  more  than  four  times  the  resistance  of 
the  bolometer  strip. 

At  the  Smithsonian  Observatory  best  results  have  been 
obtained  with  bolometers  of  comparatively  low  resistance,  for, 
unless  in  an  air-tight  case,  very  thin  strips  are  much  affected  by 
air-currents,  so  that  a  perpetual  tremor  of  the  galvanometer  is 
observed  when  there  is  moderate  wind.  At  present  a  bolometer 
with  strips  of  4  ohms  resistance  is  chiefly  employed,  but  occa- 
sionally a  wide  bolometer  of  only  0.8  ohms  resistance  is  substi- 
tuted. Accordingly  a  galvanometer  of  from  2  to  3  ohms  resist- 
ance would  be  most  serviceable,  but  the  actual  resistance  of  the 
galvanometers  now  in  use  is  1.6  ohms. 

A  four-coil  galvanometer  of  a  given  total  resistance  Gt  may 

Q 

have  its  separate  coils  of  resistance  4C,  G,  or  —  ,  according  to 
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the  manner  in  which  they  are  connected ;  and  for  coils  whose 
force  at  the  center  varies  with  the  0.45  power  of  the  resistance, 
the  relative  efficiency  of  these  three  ways  of  producing  the  total 
resistance  G  is  in  the  ratio  of  the  numbers  87,  93,  and  100. 
Thus  it  appears  that  the  resistance  of  a  four-coil  galvanometer 
may  be  varied  in  three  steps  from  1  to  16  without  greatly  alter- 
ing its  efficiency.  Again  a  galvanometer  of  a  given  resistance 
may  be  made  by  connecting  in  series  two,  four,  eight,  sixteen, 
or  even  more  such  coils.  The  efficiency  of  these  several  arrange- 
ments of  the  given  resistance,  so  far  as  the  force  at  the  center 
of  the  coils  is  concerned,  is  in  the  ratio  of  the  numbers  100,  68, 
49,  32.  There  is  a  slight  compensation  for  this  diminution  of 
efficiency  as  the  coils  get  smaller,  arising  from  the  greater  effect 
of  the  outer  windings  of  each  coil  upon  the  magnets  at  the  center 
of  its  neighbor,  but  the  only  considerations  which  warrant  a 
multiplication  of  coils  are  some  which  concern  the  efficiency  of 
the  magnet  system. 

Best  farm  of  coils. —  Maxwell*  has  shown  that  the  contour  of 
the  cross-section  of  the  coil   should  be  of  the  form  determined 

by  the  equation 

r'=H*sinO  ,  (6) 

where  r  is  the  length  of  a  radius  making  the  angle  6  with  the 
axis  of  the  coil,  and  //the  value  of  r  when  #  =  90°.  Although 
the  efficiency  of  the  winding  is  not  very  greatly  impaired  by 
considerable  variations  from  the  best  form  of  coil  section,  it  is  so 
easy  to  follow  it  closely  that  this  form  has  always  been  employed 
here.  In  order  to  leave  room  for  the  needle  system,  a  space  is 
left  unwound  at  the  center  and  front  of  each  coil  as  indicated  by 
dotted  lines  in  the  accompanying  diagram  (Fig.  1). 

Best  sizes  of  wire. — The  reader  is  referred  to  Annals  of  the 
Astrophysical  Observatory  of  the  Smithsoniari  Institution  >  Vol.  I,  p. 
248,  for  the  derivation  of  equations  required  to  determine  the 
radius  of  a  coil  of  the  above  form  containing  a  given  length  of 
wire  of  a  given  diameter  and  gain  of  diameter  by  insulation,  and 
the  force  such  a  coil  exerts  at  its  center.     Maxwell  has  shown2 

1  Maxwell,  Electricity  and  Magnetism ,  Vol.  II,  paragraph  718. 

» Ibid.y  paragraph  719. 
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that  the  wire  should  increase  in  diameter  from  the  center  out- 
ward, and  it  has  been  customary  therefore  to  wind  the  coils  in 
several  sections,  with  larger  sizes  toward  the  outside  of  the  coil. 
Although  there  would  be  a  slight  gain  by  using  a  larger  number,  it 
has  been  the  practice  here  to  wind  the  coils  in  three  sections  as 
shown  in  the  accompanying  diagram  (Fig.  i),  which  is  drawn  to 
scale  to  illustrate  the  best  dimensions  for  a  three-section  coil  of 
5  ohms  resistance.  The  following  table  is  for  the  most  part 
abridged  from  Table  32  of  the.Astrophysical  Observatory  Annals, 
Vol.  I,  and  shows  the  diameters  of  wire,  gain  of  diameter  by  single 
white  silk  insulation,1  lengths  of  wire,  external  radii  of  sections 
and  forces  exerted  at  the  center  by  the  most  efficient  coils  of 
various  given  resistances,  when  wound  of  wire  of  a  single  size 
or  in  three  sections  of  wire  of  different  diameters.  The  coils  of 
maximum  efficiency  have  been  selected  from  a  large  number 
whose  constants  have  been  computed. 


en 

u 

z 

i 

IS, 
M 

PC 

J 

< 

Diameter  of  Wire 

in  Sections 

X 

u 

H  2 

ti  O 

u 

z.  > 

0 

Length  of  Wire 
in  Sections 

External  Radii 
of  Sections 

Forces  at 

Center  of 

Coil 

IS 

d1 

d2 

^ 

/ 

£1 

L2 

L, 

Hi 

"2 

"3 

Ft 

F* 

F, 

F 

ohms 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

cm 

0.0405 
0.0202 

O.OIOI 
O.OIOI 

0.0160 
0.0080 

O.OIOI 

0.0160 
0.0080 

O.OTOI 
O.OIOT 

0.0050 
0.0050 

O.OIOI 

0 . 0050 
0.0050 

0.0511 
0.0405 
0.0644 

0.0321 
0.0405 

0.0321 
0.0405 

0.0202 
0.0321 

0 . 0202 
0.0321 

0.0038 

79.1 

6.6 

81 

81 

3092 
256 
407 

6185 

5^3 

815 

12225 

1017 

1017 

2445° 

203 } 
2033 

26.4 
328 
521 

1031 
1639 

2062 
3278 

4075 
6483 

8150 
12970 

41.6 
1318 

3332 

4i44 

6589 

8288 
13180 

16390 
41440 

32780 
82880 

o-55 

0.36 

0.32 

0.32 

1. 00 

0.38 

0.46 

1.24 

o-45 

0-55 

1.23 

0.46 

0.46 

1-53 

o.555 

0  555 

0.4a 
0.60 
0.75 

0.74 
0.95 

0.91 
117 

0.91 
1. 14 

1. 13 
1.42 

0.60 
1.30 
2.26 

1.63 
2.16 

2.03 
2.70 

;:* 

338 

2.45 
4.23 

54 
298 
298 

671 
754 

991 
1095 

1871 
1871 

2731 
2731 

45 
321 

359 

670 
653 

1798 
2017 

2396 
2677 

42 

301 
290 

605 
5*4 

25 

5° 
250 

500 

0 

0 

0405 

0202 
02  5  5 

141 
920 
947 
1467 
1946 
1971 

0 
0 

0160 
0202 

0 
0 

0160 
0202 

784  26SS 
717  2710 

A007 

0 
0 

0 

oior 
0127 

OIOI 

0127 

164S 
I6I7 

2126 

2068 

53M 
5.W5 

5398 
7353 
747^ 

Taking  the  best  coils  given  in  the  table,  the  total  force 
exerted  at  the  center  is  closely  proportional  to  the  O.45   power 

1  Wire  of  the  diameters  given  (which  are  those  of  standard  sizes  of  the  B  &  S 
wire  gauge)  can  be  procured  with  white  silk  insulation  of  the  given  thickness  from 
the  rirm  of  A.  F.  Moore  &  Co.,  of  Philadelphia. 
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Fig. 


of  the  total  resistance,  Coils  composed  of  three  sections  of  best 
sizes  of  wire  give  about  1.4  times  the  force  at  center  given  by  a 
coil  of  the  best  single  size  of  wire  of  the  same  total  resistance. 

Method  of  winding. — The  method  I  have  employed  in  winding 
such  coils  is  as  follows  :  A  brass  mandrel  is  prepared  as  shown 
in  the  diagram  (Fig.  1).  Where 
coils  of  large  resistance  are  to 
be  wound  the  ends  of  wires  of 
the  several  sections  are  brought 
out  at  the  back  of  the  coil  and 
soldered  after  its  completion, 
but  for  0.1-ohm  coils  it  is  bet- 
ter to  solder  the  wires  together 
before  winding.  The  wire  is 
wound  in  a  solution  of  shellac, 
and  the  sections  are  formed 
correctly  and  held  in  place  till 
the  shellac  dries  by  winding  thread  against  the  back  of  the 
section  as  it  grows  in  radius.  After  the  coil  is  complete  it  is 
boiled  in  carnauba  wax  to  make  it  rigid,  after  which  the  front 
plate  of  the  mandrel  is  warmed  and  removed,  and  then  the 
mandrel  itself  is  warmed  while  the  coil  is  held  downward  in  cold 
water  till  it  can  be  drawn  from  the  mandrel. 

THE  NEEDLE  SYSTEM. 

The  great  sensitiveness  of  recent  galvanometers  of  the 
Thomson  type  in  comparison  with  those  of  twenty  years  ago  is 
much  more  due  to  the  small  dimensions  of  the  needle  system, 
than  to  improvements  in  the  coil  construction.  Paschen  x  has 
emphasized  this  point,  and  he  and  others  had  constructed  gal- 
vanometers of  great  sensitiveness  prior  to  the  time  when  the 
present  investigations  began.  More  recently  Mendenhall  and 
Waidner,2  in  a  valuable  paper  on  galvanometer  construction,  have 
described  more  thorough  studies  of  the  construction  of  needle 
systems,  and  point  out  that  the  useful  diminution  of  dimensions 
cannot  proceed   as    far  as  would    appear  from  Paschen's  paper. 

1  Ztitschrift  fiir  Instrumentenkundty  13,  13,  1S93. 
■  Am.  Jour.  Sci.  (4),  12,  249,  1901. 
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In  their  construction  of  magnet  systems  these  authors  are  guided 
by  extensive  experiments  on  magnets  of  different  forms,  but  they 
have  not  given  exact  directions  for  the  dimensions  and  arrange- 
ment of  the  whole  needle  system  to  give  highest  sensitiveness. 
In  what  follows  I  shall  endeavor  to  furnish  exact  information  of 
this  kind. 

If  we  suppose  a  single  short  magnet  suspended  horizontally 
at  the  center  of  a  coil  to  be  influenced  in  a  direction  parallel  to 
the  plane  of  the  coil  by  a  magnetic  field  of  strength  //,  and  to 
be  influenced  at  right  angles  to  the  plane  of  the  coil  by  a  current 
field  of  strength  F%  it  will  take  up  a  direction  making  an  angle 
0  with  the  plane  of  the  coil  such  that 

tan0  =  J.  (7) 

Let  ^be  the  time  of  swing  of  the  suspension  (undamped),  M 
its  magnetic  moment,  and  /  its  moment  of  inertia,  and  let  F  be 
small  as  compared  with  H,  then 


Combining  (7)  and  (8) 


tan  0  oc  — j —  .  (9) 


For  a  given  current  and  time  of  swing  therefore 

tan  0oc  —   .  (10) 

It  is  usual  for  purposes  of  astaticism  to  employ  more  than  one 
group  of  magnets,  with  poles  in  the  several  groups  oppositely 
directed.  Suppose  n  such  groups  each  composed  of  p  magnets 
of  moment  M  and  let  ^Mp  be  their  algebraically  combined 
magnetic  moment  tending  to  direct  the  system  in  a  given  sense, 
when  F=  O,  while  nMp  is  their  total  magnetic  moment  without 
regard  to  sign.  Let  each  group  hang  at  the  center  of  a  coil  whose 
field  strength  is  /,  and  let  H,  T,  and  /  have  the  same  significance 
as  before. 

Then  A        npfM  .     . 
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If,  as  before,  npftn  is  small  as  compared  with  HTLMp 

T'«  am  ■  (I2) 

Whence  for  a  given  current  and  time  of  swing 

tantfoc^.  (13) 

The  moment  of  inertia  /falls  naturally  in  two  portions,  viz., 
the  non-magnetic  part  which  may  be  called  In%  and  the  magnetic 
part  which  is  equal  to  nplm  where  Im  is  the  moment  of  inertia 
of  each  separate  magnet.  Let  tip  =  N  the  total  number  of 
magnets. 

Thus  the  expression  (13)  becomes 

^^jvjr+Z'  (I4) 

Of  In  all  that  need  be  said  at  present  is  that  obviously  it 
should  be  as  small  as  practicable,  and  may  be  regarded  as 
a  known  constant.  If  then  M  and  Im  can  be  expressed  in 
common  terms  the  conditions  of  maximum  deflection  can  be 
determined.  It  is  easy  to  express  Im  in  terms  of  the  linear 
dimensions  of  the  magnets;  thus  for  a  magnet  of  length  2a, 
weight  w,  and  radius  r  cemented  to  a  thin  vertical  glass  stem, 

the  moment  of  inertia  is  approximately when  -  is  not    less 

than  7. 

Magnetic  mome?tt  in  terms  of  linear  dimensions. — In  order  to  find 
an  expression  for  the  magnetic  moment  in  terms  of  the  linear 
dimensions  of  the  magnet,  many  experiments  have  been  con- 
ducted here,  which  have  led  to  a  useful  expression  of  this  kind. 
As  the  method  of  measuring  relative  magnetic  moments  is  useful 
in  testing  magnets  used  in  needle  systems,  I  shall  briefly  describe 
it.  A  single  short  magnet  provided  with  a  mirror  is  suspended 
in  a  field  controlled  in  such  a  way  that  the  time  of  swing  of  the 
suspension  is  raised  to  one  or  two  seconds.  The  magnets  to  be 
tested  are  then  brought  up  from  the  rear,  end  on,  at  right  angles 
to  the  suspended  magnet,  at  the  same  height  with  it  and  to  a 
fixed  distance  which  should  be  large  compared  with  the  length 
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of  the  magnets  used.  In  this  case  the  deflections  of  the  suspen- 
sion are  directly  proportional  to  the  magnetic  moments  of  the 
magnets  approached. 

In  the  experiments  the  relative  magnetic  moments  of  numer- 
ous magnets  of  different  kinds,  forms,  and  sizes  were  thus  deter- 
mined. The  magnets  varied  in  weight  between  368  mg  and 
0.06  mg;  in  length  between  22  mm  and  0.8  mm;  in  diameter 
between  1.7  mm  and  0.075  mm-  Some  were  flat,  some  short 
and  thick,  others  as  much  as  fifty  times  as  long  as  their  diame- 
ters. Not  only  were  they  tried  separately,  but  in  combinations 
of  from  two  to  twenty,  separated  by  spaces  of  from  zero  to  five 
diameters,  sometimes  magnetized  separately  and  then  approached, 
at  other  times  magnetized  together. 

The  following  table  illustrates  the  advantage  of  dividing  a 
magnet  of  a  given  weight  into  a  number  of  thinner  ones.  The 
magnets  were  all  from  the  same  bar  of  steel  tempered  at  once 
and  magnetized  to  saturation : 

TABLE   I. 


Designation  of 
Magnet 


A, 
A3 
A3 
A4 
A, 


Length 
mm 


6.1 
6.1 
6.1 
6.1 
6.1 


Width 
mm 


3-0 

0.88 
0.88 
0.88 
0.88 


Thickness 
mm 


0-35 
0-35 
o.35 
o.35 
o.35 


Weight 


O.O425 

Total  weight 
of  four 
0.0507 


A2  and  As  placed  parallel  and  a  little  apart. 

A2  A,  and  A4  do.  do 

A 2  A3A4  and  As  do.  do 


Magnetic  Mo- 
ment (Arbi- 
trary Uuit) 


73 
49 


9-3 
13.4 
18.0 


We  see  that  the  four  magnets  had  a  combined  magnetic 
moment  two  and  one-half  times  as  great  as  the  single  one  of 
five-sixths  their  combined  weight.  Other  experiments  showed 
that  a  given  weight  of  steel  continued  to  increase  in  magnetic 
moment  with  increasing  ratio  of  length  to  mean  diameter  even 
when  the  ratio  was  50  to  I.  A  round  or  square  cross-section 
appears  preferable  to  a  flat  one. 

Thoroughly  to  determine  the  connection  between  magnetic 
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moment  and  dimensions,  a  certain  piece  of  steel  was  drawn  into 
wire  of  four  different  sizes.  Pieces  were  taken  from  each  wire 
and  all  hardened  at  the  same  time.  These  were  then  magnetized 
to  saturation  together  in  a  long  helix.  After  determining  the 
magnetic  moment  of  each  they  were  broken  up  into  short 
lengths  and  again  magnetized  as  before  and  the  magnetic 
moment  of  each  piece  determined  separately.  The  results  are 
given  in  the  following  table : 

TABLE  II. 


Magnetic 

Length 

Diameter 

Weight 

Moment 

Ratio 

Ratio 

Deviations 

Designation 

2<t 

ar 

W 

M 

a* 

5  w™ 

from 

cm 

cm 

V 

(Arbitrary 
Unit) 

ar 

M  ar 

Mean 

Ax 

0.80 

O.C266 

0.00297 

130.0 

30.1 

68.7 

—  29.2 

Aa 

0.30 

0.0266 

O.OOIII 

9-7 

". 3 

117. 4 

+  19.5 

A3 

0.13 

0.0266 

O.OOO48 

1.8 

4.9 

130.0 

+32.1 

Bx 

0-73 

0.0l8l 

O.OOI38 

59-0 

40.3 

93-5 

-    4-4 

B2 

0-35 

0.0I8I 

0 . 00066 

19.0 

19.4 

67.O 

-30-9 

B3 

0.13 

0.0l8l 

0.00025 

1.3 

7.2 

I38.O 

+40.1 

B4 

0.08 

0.0l8l 

0.00015 

0.7 

4.4 

94-6 

-  3-3 

c, 

0.33 

O.OI37 

O.OOO37 

8.4 

24.1 

94.4 

-  3-5 

c2 

0.08 

O.OI37 

0 . 00009 

0-5 

5.8 

96.9 

—   1.0 

D, 

O.50 

0.0075 

0.00015 

9.4 

66.6 

106.4 

+  8.5 

D2 

0.19 

0.0075 

0.00006 

2.1 

25-4 

70.0 

— 27.Q 

Mean 

97-9 

18. 1 

It  will  be  seen  that  in  this  series  of  experiments  the  weight 
of  the  magnets  varied  fifty  fold,  the  ratio  of  length  to  diameter 
varied  from  66.6  to  4.4,  and  the  magnetic  moment  varied  250 
fold.  In  all  this  range  of  values  the  magnetic  moment  was 
proportional  to  the  product  of  the  weight  by  the  ratio  of  length 
to  diameter,  within  an  average  deviation  of  about  18  per  cent. 
While  this  average  deviation  is  large,  it  does  not  indicate  a 
departure  from  the  numerical  relation  just  pointed  out,  for  there 
appears  on  the  whole  no  tendency  for  the  deviations  to  become 
positive  or  negative  either  for  the  heavier  or  lighter  needles  or 
for  those  longest  or  shortest  in  proportion  to  their  diameter. 
The  large  deviations  may  reasonably  be  explained  as  caused  by 
differences  in  the  magnetic  quality  of  the  steel,  as  will  appear  in 
a  later  page.     Numerous  experiments  not  here  given   have   con- 
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firmed  this  general  result,  and  in  some  cases  series  have  been 
considerably  more  accordant  than  the  one  here  given.  It  will  be 
interesting  to  see  whether  the  results  of  Mendenhall  and  Waidner 
support  this  relation.  The  following  table  is  roughly  computed 
from  the  series  of  magnets  H  and  A  given  by  them.1 

TABLE  III. 


Mean 

Magnetic 

Ratio 

Ratio 

Deviations 

Designation 

Length  ia 

Diameter  » 

Weight  W 

Moment 

ia 

W*a 

from 

ir 

M 

ar 

M  ar 

Mean 

cm 

cm 

S 

H, 

0.530 

0.010 

O.OOO430 

O.0258 

53-0 

88.5 

+236 

H2 

O.415 

0.010 

O.OOO337 

O.O184 

41.0 

75-2 

+  10.3 

H3 

O.316 

0.010 

O.OOO251 

0.0122 

32.0 

65.8 

+  0.9 

H4 

0.195 

0.010 

O.OOOI55 

O.OO48 

19.0 

61.3 

-   3.6 

H5 

O.124 

0.010 

0.000100 

0.00215 

12.0 

55.9 

-   90 

H« 

0.102 

0.010 

0.000081 

O.OOI43 

10. 0 

56.5 

-   8-4 

H7 

O.065 

0.010 

0.000053 

0 . 00054 

6.5 

62.9 

—    2.0 

Mean 

64.9 

8.3 

A, 

0-335 

0.024 

0.00157 

O.O407 

13.0 

50.0 

+   2.2 

A2 

0.229 

0.024 

0.00105 

O.OI98 

8.8 

46.9 

-    0.9 

A3 

O.I67 

0.024 

0.00078 

0.0100 

6.4 

50.0 

+   2.2 

A4 

0.080 

0.024 

0.00036 

0 . 003 1 

3.2 

37-7 

— 10. t 

A5 

0.153 

0.017 

0 . 00034 

O.OO49 

9.0 

599 

+  12. I 

Mean 

47.8 

5-5 

These  results  show  closer  agreement  to  the  relation  above 
given  than  does  the  series  of  observations  before  quoted. 
There  appears,  however,  a  tendency  to  departure  from  the 
formula  for  magnets  more  than  forty  and  for  those  less  than  five 
times  as  long  as  their  diameter.  I  shall  therefore  restrict  my 
statement  as  follows :  For  magnets  of  a  given  steel  tempered 
and  magnetized  to  saturation  under  like  conditions,  and  whose 
length  is  between  five  and  forty  times  their  diameter,  the  mag- 
netic moment  is  proportional  to  the  product  of  the  weight  by 
the  ratio  of  length  to  diameter. 

Mutual  action  of  magnets, —  My  observations  have  led  me  to  a 

1  Am.  Jour.  Sci..  12,  256,  1901. 

"The  square  root  of  the  product  of  width  and  thickness. 
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different  view  of  the  seriousness  of  mutual  action  between  mag- 
nets in  needle  systems  from  that  arrived  at  by  Mendenhall  and 
Waidner,  who  incline  to  think  it  of  little  consequence.  In  the 
table  of  experimental  results  which  they  give  the  distance 
between  centers  of  the  magnets  was  never  less  than  i.omm  and 
the  magnets  were  flat  and  were  0.8  mm  wide.  Had  they  been 
turned  up  edgewise  and  approached  closer,  I  think  the  mutual 
effect  would  have  greatly  increased.  The  following  experi- 
ments were  made  with  magnets  of  round  wire  about  1.4  mm 
long  and  0.08  mm  in  diameter,  being  of  the  same  dimensions 
that  I  am  accustomed  to  use  for  needle  systems.  Ten  of  these 
were  magnetized  to  saturation  in  a  long  helix,  and  gave  (in 
arbitrary  units)  magnetic  moments  of  15,  13,  15,  12,  14,  13,  14, 
13,  II,  and  17,  respectively,  when  measured  separately,  so  that 
the  arithmetical  sum  of  their  moments  was  137  units.  When 
placed  in  a  bunch  parallel  and  touching  each  other,  the  com- 
bined moment  was  only  35  units.  The  magnets  were  then 
again  tested  separately  and  had  permanently  decreased  in  mag- 
netic moment  to  only  five  units  each.  They  were  then  built  into 
a  system  with  spaces  of  three  diameters  between  them,  and  were 
re-magnetized  in  the  helix.  This  system  gave  a  combined 
moment  of  105  units.  At  two  diameters  and  one  diameter 
separation  the  moment  became  95  and  74  units,  respectively. 
Further  experiments  showed  that  similar  results  were  reached 
whether  the  magnets  were  first  approached  and  then  mag- 
netized, or  vice  versa.  With  spaces  of  five  diameters  between 
the  magnets  the  loss  of  combined  moment  by  mutual  effect  was 
only  about  3  per  cent. 

Comparative  magnetic  moment  of  different  samples  of  steel. — 
Different  kinds  of  steel  are  unequally  efficient  for  magnet  sys- 
tems. The  best  kind  tried  here  was  a  small  bar  of  tungsten 
steel  of  a  composition  unknown  to  me,  which  was  given  to  me 
at  Johns  Hopkins  University  in  Baltimore.  As  compared  with 
Stubs'  tool  steel,  this  made  up  into  magnets  of  twice  the  mag- 
netic moment  for  equal  weight  and  similar  form.  I  have  used 
it  exclusively  in  recent  galvanometers.  But  it  is  not  alone 
samples  of  steel  of  different  composition,  but  different  samples 
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from  the  same  bar,  that  show  unequal  magnetic  value.  Thus 
among  140  magnets  of  tungsten  steel  wire  0.008  cm  in  diameter 
and  all  between  0.125  and  0.135  mm  long,  broken  from  the  same 
wire,  tempered  at  the  same  time,  and  magnetized  in  a  long  helix 
at  once,  the  magnetic  moment  was  found  to  vary  between  the 
limits  13  and  35.  Sixty-four,  however,  were  selected  whose 
average  magnetic  moment  was  30  on  this  arbitrary  scale,  and 
most  of  the  remainder  were  between  the  limits  20  and  25.  It  is 
undoubtedly  to  this  variation  of  small  samples  from  the  same 
bar  that  the  large  deviations  in  Table  II  are  due. 

The  following  is  a  summary  of  the  general  results  reached  in 
these  experiments  on  magnetic  moment. 

1.  Rowland's  tungsten  steel  made  the  strongest  magnets  of  all 
the  kinds  tried,  and  proved  twice  as  good  as  Stubs'  tool  steel. 

2.  A  given  weight  of  steel  used  to  compose  a  single  magnet 
has  a  greater  magnetic  moment  if  square  or  round  in  cross- 
section  than  if  flat,  and  the  magnetic  moment  is  greater  the 
greater  the  ratio  of  the  length  to  the  diameter. 

3.  A  given  weight  of  steel  of  a  given  length  is  increased  in 
magnetic  moment  the  more  it  is  subdivided  lengthwise  to  form 
separated  magnets. 

4.  For   magnets  of    the  same  steel  between  five  and  forty 

times  as   long  as  their  diameter,  the  magnetic  moment  is  given 

,   Wa 
by  the  relation   M  =  K ,  where  M  \s>  the  magnetic  moment, 

IV  the  weight,  a  the  half  length,  r  the  radius,  and  Kr  a  constant 
for  the  given  kind  of  steel.  This  important  relation  was  found 
to  hold  throughout  the  great  range  of  weights  and  forms  of 
magnets  examined. 

5.  A  number  of  magnets  placed  parallel  in  a  group  reduce 
each  other's  magnetic  moments  by  about  one-thirtieth  if  sepa- 
rated by  spaces  of  5  diameters,  and  the  loss  becomes  about 
one-third  at  two  diameters.  It  is  undesirable  to  have  the  spaces 
less  than  three  diameters. 

6.  It  is  immaterial  whether  the  magnets  are  first  magnetized 
and  then  approached,  or  first  approached  and  then  magnetized, 
for  the  loss  is  not  recovered  when  the  magnets  are  separated. 
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We  now  are  in  position  to  determine  the  best  construction  of 

needle  systems;  for,  remembering  that  the  magnetic  moment  is 

NWa 
proportional  to ,  the  moment  of  inertia  to 

NWa1   ,    w 


3 
and  the  deflection  of  the  galvanometer  to  their  quotient  we  have 

NWa- 

I  have  used  this  formula  to  compute  numerical  values  for  a 
series  of  systems,  selecting  for  construction  one  which  is  as 
heavy  as  possible  without  sacrificing  more  than  one-tenth  in 
sensitiveness  as  compared  with  the  most  sensitive.  In  this  way 
better  results  are  reached  than  by  substituting  for  W  in  terms  of 
the  linear  dimensions  and  specific  gravity,  and  determining 
analytically  the  conditions  of  maximum  sensitiveness. 

We  see  by  the  formula  that  if  the  total  weight  of  the  system, 
the  length  of  the  needles,  and  the  non-magnetic  moment  of 
inertia  are  all  kept  constant,  the  deflection  increases  indefinitely 
by  diminishing  the  diameter  of  the  magnets.  But  a  practical 
limit  is  soon  reached  in  this  course  of  procedure,  for  in  order  to 
remain  effective,  the  magnets  must  be  separated  by  three  or  four 
diameters,  and  thus  the  space  available  for  them  is  soon  taken 
up.  In  practice  I  now  employ  magnets  0.008  centimeters  in 
diameter. 

By  inspection  of  the  formula  it  is  also  apparent  that  if  the 
length  and  radius  of  the  magnets  and  the  non-magnetic  moment 
of  inertia  all  remain  unchanged,  an  increase  in  the  number  of 
magnets  increases  the  deflection.  The  great  advantage  of 
increasing  the  number  is,  however,  that  the  non- magnetic  moment 
of  inertia  can  also  be  increased  at  the  same  time,  and  thus  both 
the  weight  and  rigidity  of  the  needle  system  is  augmented  with- 
out loss  of  sensitiveness,  so  far  as  the  needle  system  is  con- 
cerned, and  with  a  real  gain  in  steadiness.  But  the  limitation  of 
space  at  the  center  of  the  coils  bars   indefinite   progress  in  this 
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direction.  In  the  two  galvanometers  now  in  use  at  the  Obser- 
vatory this  increase  in  number  of  magnets  has  been  effected  by 
increasing  the  number  of  groups  of  magnets  from  two  to  eight, 
with  an  attendant  increase  of  the  number  of  coils  from  four  to 
sixteen.1  As  shown  at  a  former  page,  this  increase  in  the  number 
of  coils  diminishes  the  effectiveness  of  the  current  in  the  ratio  of 
68  to  32. 

The  "constant"  of  one  of  these  sixteen-coil  instruments 
expressed  in  amperes  for  a  deflection  of  1  mm  on  scale  at  1  meter 
with  time  of  single  swing  of  10  seconds  and  total  resistance  only 
1.6  ohms  is  5X  I0"".a 

It  is  well  to  remark  that,  while  the  sixteen-coil  instrument 
involves  a  deliberate  sacrifice  in  the  efficiency  of  the  coils,  it 
gains  greatly  in  its  better  astaticism  and  the  steadiness  of  the 
needle  system.  The  least  current  which  can  be  read  with  it  as 
now  arranged  is  about  1  X  I0~"  amperes. 

For  a  region  free  from  prejudicial  magnetic  disturbances  it 
would  be  better  to  retain  the  four-coil  form  of  galvanometer.  By 
making  the  coils  rather  large  the  interior  unwound  space  could  be 
a  centimeter  or  more  in  diameter  without  great  sacrifice  of  current 
effectiveness,  and  a  large  number  of  needles  could  be  placed  in 
each  group. 

Building  of  needle  systems. — The  method  of  building  up  a 
needle  system  of  fifty  or  more  magnets  deserves  a  little 
explanation.  In  the  first  place  the  steel  wire  is  cut  off  in  three- 
quarter-inch    lengths   and    hardened    glass    hard    between    thin 

1  A  needle  system  of  iomg  weight  having  48  needles  each  0.132  cm  long  and 
0.0082  cm  in  diameter,  fixed  to  one  side  only  of  astern  12  cm  long  and  weighing 
complete  with  magnets  and  mirror  8  mg,  is  now  in  use.  The  several  moments  of 
inertia  of  its  materials  are:  of  magnets,  0.0000045  gr  cm;  of  mirror,  0.0000005 ; 
of  stem,  0.0000012;  of  shellac,  0.0000002.  The  practice  of  putting  needles  on  both 
sides  of  the  stem  far  enough  apart  to  avoid  loss  of  magnetic  moment  by  mutual  action 
increases  the  moment  of  inertia  of  the  system  too  much  to  be  of  advantage. 

2  One  needle  system  of  2  mg  weight  for  a  four-coil  instrument  of  1.4  ohms  at  1.5 
seconds  single  swing  gave  a  millimeter  deflection  on  the  scale  at  one  meter  distance, 
with  a  current  of  4 X  io~Ui  amperes.  If  we  compute  from  this  to  a  ten-second  single 
swing  the  result  is  qXio~  '-,  and  if  to  a  ten-second  complete  period  the  result  is  24000  • 
on  the  Avrton- Mather  scale.  But  both  these  computed  values  are  illusory,  for  with 
atmospheric  pressure  the  deflection  of  light  systems  is  not  even  approximately  pro- 
portional to  the  square  of  the  time  of  swing.  As  shown  a  little  later,  this  relation 
holds  closely  for  galvanometers  from  which  the  air  is  exhausted  to  a  pressure  of  0.2  mm 
of  mercury. 
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plates  of  steel.  I  have  never  softened  the  wire  at  all,  although 
I  have  heard  that  there  is  a  slight  advantage  in  tempering  it. 
The  needles  are  then  cut  off  from  the  glass-hard  wire  by 
means  of  a  simple  shears,  illustrated  in  the  diagram  (Fig.  2), 
which  cuts  all  of  nearly  equal  length.  These  short  pieces,  more 
in  number  than  are  actually  required,  are  next  measured  under 
the  microscope.  Each  piece  is  then  stuck  like  a  pin  in  the  end 
of  a  little  square  of  cardboard,  on  which  is   marked  its  length ; 


Section  at  A. 


Fig.  2. 

all  the  cardboards  are  put  upon  a  rod  and  inserted  together  in  a 
magnetizing  helix,  and  the  magnets  are  strongly  magnetized  to 
saturation.  The  magnetic  moment  of  each  is  then  determined 
and  the  weak  ones  are  eliminated,  and,  from  the  remainder,  the 
groups  are  selected  so  that  total  magnetic  moment  and  total 
weight  of  all  the  groups  shall  be  equal. 

The  groups  are  built  up  on  a  form  shown  in  the  accompany- 
ing diagram  (Fig.  3),  consisting  of  two  straight-edged  glass 
strips  of  equal  thickness  separated  by  a  space  of  about  0.8  mm 
and  stuck  down  to  a  piece  of  plate  glass.  In  the  crack  between 
the  straight  edges  runs  a  wire  connected  to  binding  posts,  one 
of  which  is  movable  and  connected  to  a  spring  so  as  to  stretch 
the  wire.  The  little  magnets  are  laid  in  sugar  syrup  across  the 
crack  from  edge  to  edge,   and   their  distance  apart   is  carefully 
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adjusted  while  the  sugar  is  kept  moist  by  breathing  upon  it; 
after  which  the  syrup  is  allowed  to  harden.  A  straight  glass  stem 
is  now  drawn  of  the  desired  weight,  and  upon  this  at  intervals 
corresponding  with  the  distance  between  the  groups  of  needles  are 
placed  little  portions  of  shellac.  The  stem  is  now  laid  upon  the 
needles  and  a  proper  current  of  electricity  is  passed  through  the 
wire  underneath  till  it  is  seen  with  a  hand  glass  that  the  shellac 
has  run  around   every  magnet,  but  without  running  out  toward 
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Fig.  3. 

their  ends.  After  the  shellac  cools,  the  needle  system  is  dis- 
solved off  from  the  sugar  bed  with  water,  carefully  washed,  and 
is  ready  for  the  mirror.  Such  a  needle  system  is  almost 
mechanically  perfect.  I  find  no  occasion  with  eight  group 
needles  to  astaticize,  but  I  do  re-magnetize  by  the  aid  of  an 
electro-magnet  of  sixteen  poles. 

The  mirror  is  a  fragment  of  microscope  cover  glass,  selected 
from  a  large  number  of  pieces  of  glass  about  I  X  1.5  mm  cut  out 
with  a  dividing  engine.  These  are  all  coated  with  metal  on  both 
sides,  and  their  optical  quality  is  tested  by  mounting  each  on  a 
wad  of  cotton  and  reflecting  with  each  mirror  in  succession  the 
rays  from  a  slit.  Both  surfaces  are  tested  and  each  with  both  long 
sides  and  short  sides  vertical,  so  that  the  chance  of  obtaining  a 
pretty  good  figure  is  quite  considerable. 

Gakuinomcter  support  and  accessories. — In  a  city  two  well-known 
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kinds  of  disturbance  are  ever  active,  namely,  mechanical  jarring 
and  electro-magnetic  influences.  The  former  of  these  may  be 
communicated  either  by  sound-waves  in  air  or  by  direct  ground 
vibrations.  To  remove  the  latter  the  Julius  three-wire  suspen- 
sion is  efficient,  but  may  be  combined  advantageously  with  mer- 
cury flotation.  Such  a  combination  is  employed  for  both  the 
galvanometers  at  the  Astrophysical  Observatory,  and  its  chief 
features  will  be  found  described  in  Vol.  I  of  the  Observatory 
Annals,  and  in  the  Appendix  to  the  Report  of  the  Secretary  of 
the  Smithsonian  Institution  for  1900  and  1901,  pp.  100  and  122 
respectively.  I  will  merely  add  here  that  as  a  result  of  a  series 
of  experiments  it  was  found  best  to  use  glycerine  to  damp  the 
horizontal  vibrations  of  the  three-wire  suspension,  as  this  liquid 
appears  to  damp  best  in  proportion  to  its  transmission  of  ground 
tremors. 

For  the  destruction  of  the  disturbing  vibrations  of  sound 
within  the  galvanometer  case,  and  for  a  further  purpose  shortly 
to  be  spoken  of,  the  most  recent  galvanometer  case  has  been 
made  air  tight  and  is  used  at  an  air  pressure  of  less  than  y2  mm 
of  mercury. 

Magnetic  shielding. — Magnetic  shielding  is  now  employed  for 
the  most  sensitive  galvanometer.  Three  shields  are  made  use  of, 
whose  dimensions  are  in  general  accord  with  the  recommenda- 
tions of  Du  Bois.x  The  outer  one  is  a  two-inch-thick  cast-iron 
box  open  at  top  and  bottom  and  about  six  feet  high  and  three 
feet  square.  Within  this  hangs  the  heavy  table  upon  which  rests 
the  galvanometer.  Upon  this  table  are  two  concentric  soft  cast- 
iron  cylindrical  shields.  The  outer  is  30  cm  high,  15  cm  outside, 
and  13  cm  inside  diameter.  The  inner,  symmetrically  placed  with 
regard  to  the  outer  and  fastened  to  it,  is  20  cm  high,  8.7  cm  in 
exterior,  and  7.5  cm  in  inside  diameter.  Both  shields  are  lifted 
up  by  means  of  a  cord  when  one  wishes  to  examine  or  adjust 
within  the  galvanometer.  The  latter  is  in  the  basement  of  the 
laboratory  and  the  beam  of  light  for  reading  it  is  brought  down 
to  the  mirror  from  a  slit  3  m  above.  A  small  side  mirror  within 
the  galvanometer  case  at  an  angle  of  450  to  the  vertical  reflects 

1  Wied.  Ann.,  65,  8,  1898. 
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the  beam  upon  the  needle  system,  and  returns  it  to  the  scale  or 
photographic  plate  4  m  away  in  the  room  above. 

A  number  of  strong  control  magnets  within  the  outer  iron  box 
outside  the  inner  shield  are  used  to  adjust  the  time  of  swing  and 
position  of  zero.  As  a  constant  temperature  is  essential  to 
freedom  from  drift  when  the  galvanometer  is  used  at  a  high  time 
of  swing,  automatic  temperature  regulation  and  other  precautions 
are  resorted  to. 

With  this  galvanometer  with  its  relatively  heavy  needle  sys- 
tem— protected  so  thoroughly  from  shaking  by  a  mercury-floated 
Julius  suspension  system  weighing  nearly  a  ton,  and  from  mag- 
netic disturbances  by  three  iron  shields  —  great  steadiness  is  of 
course  obtained,  and  consequently  it  is  practicable  to  use  a  high 
time  of  swing.  But,  as  is  well  known,  the  damping  of  the  air  gen- 
erally prevents  the  deflection  of  a  modern  galvanometer  from 
increasing  anything  like  the  square  of  the  time  of  swing,  when 
the  time  of  single  swing  is  above  I  second,  and  the  air  has  there- 
fore been  exhausted.  It  was  found  that  little  gain  resulted  till  a 
pressure  of  less  than  1  cm  was  reached,  but  at  0.8  mm  mercury 
pressure  the  law  of  squares  held  to  2.5  seconds  single  swing,  and 
at  0.2  mm  the  deflection  remained  proportional  to  the  square  of 
the  time  of  swing  up  to  a  time  of  single  swing  of  5.5  seconds. 
The  needle  system  was  found  to  be  almost  surprisingly  steady. 

This  brings  the  account  down  to  September,  1902.  Since  then 
attention  has  been  wholly  diverted  from  the  great  galvanometer. 
It  will  illustrate  the  working  sensitiveness  of  an  instrument  meas- 
uring currents  of  ixio~~ ia  amperes,  when  I  say  that  the  difference 
of  radiating  power  between  an  observer's  black  coat  distant  2  m 
from  the  balanced  bolometer,  and  the  walls  of  the  room  which 
his  coat  momentarily  hid,  threw  the  spot  of  light  off  the  scale 
some  40  cm,  while  the  observer's  naked  hand  within  a  meter  of 
the  bolometer  turned  the  galvanometer  needle  round  and  round. 

In  conclusion  I  wish  to  say  that  in  the  work  above  described 
I  have  had  the  co-operation  of  Mr.  F.  E.  Fowle,  Jr.,  of  the 
Astrophysical  Observatory. 

Washington,  I).  C, 
Mav  1003. 


ON  FORMULA  FOR  SPECTRUM  SERIES. 

By  A.  Fowler  and  H.  Shaw. 

In  spite  of  the  admirable  work  on  spectrum  series  which  has 
been  done  by  Rydberg  and  by  Kayser  and  Runge,  the  formulae 
which  they  have  employed  to  express  the  relation  between  the 
lines  which  constitute  a  series  can,  in  many  cases,  be  regarded 
only  as  rough  approximations,  more  particularly  for  series  of 
the  principal  and  second  subordinate  types.  The  present  paper 
gives  the  results  of  an  attempt  to  bring  the  results  of  calculation 
into  better  accordance  with  those  of  observation  by  employing 
modified  formulae. 

After  several  trials,  the  most  accurate  representations  of 
various  series  were  obtained  by  further  generalizing  the  modifi- 
cations of  Balmer's  formula  which  have  already  been  suggested 
or  employed  by  others.  Two  of  these  formulae  seem  to  merit  a 
somewhat  detailed  discussion. 

Employing  Rydberg's  convenient  notation  so  far  as  possible, 
the  first  may  be  written : 

*  =  *co ~p »  (I) 

where  m  takes  successively  the  values  2,  3,  4,  •  ■  •  •  ,  n  is  the 
oscillation  frequency  corresponding  to  the  different  values  of  m, 
and  /Zoo,  C,  m0i  and  p  are  four  constants  to  be  determined  from 
four  lines  for  which  n  and  m  are  known ;  ?tw  is  the  "  convergence 
frequency"  of  the  series,  or  the  value  which  n  assumes  when  m 
is  infinite.  This  formula  may  be  considered  as  a  variation  of 
the  generalization  of  Balmer's  formula  suggested  by  Ames,1 
which  may  be  written 


n  =  n~  —  ■ 


m*  —  m0 

in  which  m  is  taken  to  be  a  whole  number. 
The  second  .equation  investigated  is 


xPhil.  Mag.,  30,  47,  1 890. 
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where  «„,  C,  /*,  and  mo  are  the  four  constants  to  be  calculated 
for  each  series.  This  may  be  regarded  as  a  combination  of  the 
formula  of  Ames  with  that  of  Rydberg,1  the  latter  being 

in  which  m  is  a  whole  number,  but  fi  is  usually  a  fraction,  and  C 
has  the  value  109675  for  all  series. 

Formula  II  may  be  regarded  geometrically  as  the  equation 
to  a  hyperbola  of  the  second  degree  with  respect  to  axes  parallel 
to  the  asymptotes,  the  co-ordinates  being  represented  by  the 
values  of  n  and  {m  +  A1)2,  while  /*«  and  m*  are  the  co-ordinates 
of  the  point  of  intersection  of  the  asymptotes.  Similarly,  For- 
mula I  may  be  looked  upon  as  the  equation  to  a  hyperbola  of 
the/th  degree. 

In  terms  of  wave-lengths,  the  two  formulae  may  be  written: 

DETERMINATION    OF    THE    CONSTANTS. 

The  determination  of  the  constants  of  the  two  formulae  is 
less  tedious  than  might  at  first  appear.  Designating  the  four 
given  lines  by  ;/,,  ;/a,  n3,  nit  and  the  corresponding  values  of  m 
by  ml%  m2,  tn3,  mA,  the  index  p  in  Formula  I  may  be  derived 
by  a  few  trials  from  the  relation 

("4  ~  "»)  («3  ~  "»)  =  (w4  —  m'i)  {m*  —  mJ) 

If  many  series  are  to  be  investigated,  it  is  convenient  to  con- 
struct curves  showing  the  values  of  the  expression  on  the  right 

*"  Recherches  sur  la  constitution  des  spectres  d'e*mission  des  e*l£ments  chimiques," 
A'g/.  Svenska  Vet.-Akad.  Handle  23,  1 1,  1 890. 

3  Since  completing  the  present  paper  we  have  found  that  this  formula  has  been 
previously  employed  by  Rummel  {Proc.  Roy.  Soc.  Victoria,  10.  75,  1897;  12,  15, 1899), 
who,  however,  does  not  appear  to  have  noticed  that  the  equation  is  of  the  same  form 
whether  expressed  in  wave-lengths  or  frequencies. 

The  work  of  Rummel  appears  to  have  received  far  less  attention  than  it  deserves. 
This  is  perhaps  partly  due  to  the  fact  that  in  an  earlier  paper  (Proc.  Roy.  Soc.  Vict.^% 
260,  1S97)  the  formula  which  he  employed  was  simply  that  of  Ames  transposed  to 
wave-lengths  (which  applies  with  reasonable  accuracy  to  only  a  few  series),  and  to 
his  continued  use  of  the  symbol  n  (corresponding  with  m  in  the  above  formulae)  in  his 
later  papers  for  a  number  which  may  have  a  fractional  value. 
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for  various  values  of  p  and  for  different  groups  of  values  of  m. 
From  such  curves  the  value  of  /  may  usually  be  read  with  a 
sufficient  degree  of  accuracy,  and  when  /  has  been  determined 
the  other  constants  are  easily  derived. 

The  value  of  (wx+  I1)  in  Formula  II  is  determined  directly 
from  the  relation 

where 

a  =  (*4  -  »»)  ("3  -  O 
K  -  "3)  K  -  *i)  ' 
and  niy  n3t  nv  nK  refer  to  four  consecutive  lines.  If  four  lines 
which  are  not  consecutive  are  employed  in  the  calculation  of  the 
constants,  the  above  equation  will  not  hold,  but  another  of 
similar  character  may  easily  be  obtained.  When  fi  has  been 
ascertained,  the  other  constants  readily  follow;  or,  if  desired, 
nn  may  be  determined  independently. 

In  view  of  the  possible  physical  significance  of  the  term  fi,  it 
may  eventually  be  desirable  to  adjust  its  value  by  the  addition 
of  an  integer,  when  necessary,  so  that  m  =  i  always  gives  the 
first  positive  value  of  n,  or,  as  in  the  case  of  hydrogen,  makes 
n  =  0.     For  the  present  this  has  not  been  considered  necessary. 

EXAMPLES. 

As  already  remarked,  it  is  chiefly  in  the  case  of  series  of  the 
principal  and  second  subordinate  types  that  the  older  formulae  are 
most  defective,  and  it  may  now  be  added  that  this  is  especially 
marked  when  it  is  attempted  to  include  the  least  refrangible  line 
of  a  series.  The  following  examples  illustrating  the  two 
formulae  under  investigation  have  accordingly  been  chiefly 
selected  from  series  of  these  types.  In  the  first  instance,  the 
equations  given  are  those  calculated  from  the  first  four  lines  of 
each  series. 

Unless  otherwise  stated,  the  frequencies  given  in  the  tables 
have  been  derived  from  Kayser  and  Runge's  wave-lengths  (as 
given  in  Watts's  Index  of  Spectra),  corrected  to  vacuum  by  the 
revised  table  drawn  up  by  the  same  observers.1 

x  Abh.  Konigl.  Preuss.  Akad,  Wissensch.,  Berlin,  1893;  Watts's  Index,  App.  E, 
p.  52. 
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For  the  helium  series,  the  frequencies  already  corrected  to 
vacuum,  are  those  given  by  Runge  and  Paschen.1 

In  the  tables  the  numbers  in  brackets  refer  to  the  values  of 
m;  0—  C  indicates  observed  minus  computed  values. 

The  differences  0  —  C  in  the  case  of  Kayser  and  Runge's  cal- 
culations, unless  otherwise  stated,  are  quoted  from  Professor 
Kayser's  recent  book  (Handbuch  der  Spectroscopies  Vol.  II),  where 
the  formulae  and  tables  are  conveniently  brought  together.9 
Those  resulting  from  the  use  of  Rydberg's  formula  are  taken 
directly  from  Rydberg's  general  work  ("Recherches,"  etc.),  but 
it  should  be  pointed  out  that  these  would  probably  be  slightly 
modified  if  recalculated  with  the  later  value  of  the  constant 
Ct  namely  109675  in  place  of  109721.6. 

THE    PRINCIPAL    SERIES    OF    SODIUM. 

For  the  less  refrangible  components  of  the  double  lines 
which  constitute  the  principal  series  of  sodium  lines,  the  equa- 
tions derived  from  the  first  four  lines  are : 


Formula  I:  n  =  4 

I5IO.37  - 

y*D* 

j-h 

m191'  —  0.02613 

Formula  11 :  n  = 

41449.92 

110875.4 

(w  +  o.1935)3— 0.284956 

0  - 

-C 

o-c 

O-C 

Oscillation 
Fri-j.'Iknc  y 

Formula  I 

Formula  II 

K.  AND 
R.'S 

Formula 

o-c* 

K.  AND  R. 

(In  Tenth- 

O-C 

RVDBESG 

(InTenth- 

In  Frequency 

In  Tenth- 
Meters 

In  Frequency 

In  Tenth- 
Meters 

,  In  Tenth- 
Meters) 

Meters) 

Meters) 

I6Q55.15 

(2)  +O.I4 

-O.O49 

(2)  -O.03 

— 0.010 

+77.46 

+1.0 

+3.0 

30205.61    !  (3)  —  0.09 

+0.010 

(3)  — 0.01    +O.00I 

0.00 

-1.6 

-78 

35041.12     (4)  -0.03 

-j-0.002 

(4)       0.00        0.000 

0.00 

+1.0 

+0.7 

37295.34      1  (S)  —0.02 

+  0.001 

(5)      0.00  1     0.000 

0.00 

+0.7 

+1.2 

38539.66  <      (6)  —0.04 

+0.002 

(6)  +1 .81   '  —  0.I2I 

+  0.06 

+0.1 

+2.9 

39209-06 3    1    (7)    —  I  .  15 

+  O.O74 

(7)  +3-67    -0.237 

+  0.17 

-0.4 

39793-70^   |  (8)  —5.90 

+0.370 

(8)  +2.39  |  —  o.  160 

1 

+  0.65 

-0.4 

lSi(z.  (I.  K.  Akud.  der  IViss.,  Berlin,  July,  1895,  pp.  639,  759;  ASTROPHYSICAL 
Journal,  January  1896. 

8           C 
3  The  equation  generally  employed  bv  Kavser  and  Runge  is  JV=  A  B , 

where  A,  /?,  C,  are  three  constants  to  be  separately  determined  for  each  series,  and  m 
is  a  whole  number. 

3  ( )bserved  as  single  lines. 

4  The  errors  in  this  column  are  those  resulting  from  a  formula  in  which  all  the 
lines  are  used  in  the  calculation  of  constants  (Kayser,  Handbuch  der  Sped*,  Vol.  II, 
p.521). 


FORMULAE  FOR  SPECTRUM  SERIES 


25 


PRINCIPAL    SERIES    OF    POTASSIUM. 

For  the  less  refrangible  components  of  the  principal  series  of 
double  lines  of  potassium  the  formulae  and  results  are  as  follows: 

195630.4 


Formula  I :  n  =  34927.31  —  - 
Formula  II :  n  =  35047.96  — 


'  —  2.5224 
'15321.9 


(m  +  0.459)2  ~~  0-81980 


Oscillation 
Frequency 

O-C 
Formula  I 

O-C 
Formula  II 

O-C 
K.  &  R.'s 
Formula 
In  Tenth- 
Meters 

O-C 
Rydbekg 
In  Tenth  - 

Meters 

in  Vacuo 

In 
Frequency 

In  Tenth- 
Meters 

In 

Frequency 

In  Tenth- 
Meters 

12984.69 
24700.46 
28998.41 
31068.72 
32224.22 
32940.18 
33409.17 
33736.46 
33971-45 

(3)  0.00 

(4)  -0.01 

(5)  0.00 

(6)  0.00 

(7)  -0.91 

(8)  +4.53 

(9)  +6.58 
(io)+ii.i8 
(11H-14.24 

0.000 
+0 .  002 
0.000 
0.000 
+O.087 
-O.417 
-O.588 
-0.978 
-1.234 

(2)  -0.03 

(3)  +#.02 

(4)  0.00 

(5)  0.00 

(6)  -4.06 

(7)  -4.01 

(8)  -8.45 
(9)-io.67 

(io)-i4.33 

+0.020 
—  0.003 
0.000 
0.000 
+0.390 
+0.369 
+0.755 
+0.934 
+  1.242 

+  161.30 

0.00 

0.00 

O.OO 

+0.27 

+0.23 

+0.68 
+1.05 
+1.45 

—  17  0 

—  22.7 
-6.6 
+  1.6 

+4.0 

+4.3 
+6.6 
+7.3 
+6.7 

THE    PRINCIPAL    SERIES    OF    LITHIUM. 

For  this  series  the  formulas  and  results  are  as  follows: 

116717.5 


Formula  I  :  n  =  43446.07  — 
Formula  II :  n  =  43470.35  — 


tt2,°'2-  0.00056 
108764. 1 
(w+o.93i)a +  0.07855 


Oscillation 

O-C 
Formula  I 

O-C 
Formula  II 

O-C 
K.  &  R. 

O-C 
K.  &  R.2 

O-C 

RVDBERG 

Frequency  in 

In  Tenth- 

In  Tenth- 

In  Tenth- 

Vacuo 

In 

In  Tenth- 

In 

In  Tenth- 

Meters 

Meters 

Meters 

Frequency 

Meters 

Frequency 

Meters 

14903.08 

(2)+0.25 

—  0.  Ill 

(0-0.09 

+0.040 

+  108.12 

0.00 

+0.4 

30924.54 

(3)-o.i6 

+0 .017 

(2)+0.06 

—  0.006 

0.00 

0.00 

+  2.2 

36467.48 

(4)~o.05 

+0.004 

(3)+0.02 

—  0 . 00 1 

0.00'        0.00 

+0.5 

39OI I .60 

(5)-o.03 

+0.002 

(4)+0.02 

— 0.001 

0.00  +0.66 

-0.8 

40389.99 

(6)+5-45 

-0.350 

(5)+4-68 

-O.287 

—  0.20.  +0.95 

-0.3 

41215.53 

(7)+7-77 

-0.457 

(6)+5-57 

-0.327       — 0.01!  +1.44 

-0.4 

41749.29 

(8)+9-54 

-0.550 

(7)+5-92 

—  0.338  '     +o.2g|  +1 .80 

-0.4 

42112.351 

(9)+9.4i 

-0.530 

(8)+4.25 

—  0.238,     +0.75+2.18 

-0.6 

x  Based  on  observations  by  Messrs.  Liveing  and  Dewar. 

'The  errors  in  this  column  are  those  which  result  when  the  constants  are  calcu- 
lated from  the  first  three  lines. 
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THE    SERIES    OF    MAGNESIUM    TRIPLETS. 

For  the  middle  components  of  the  triplets  which  constitute 
the  first  subordinate  series  of  magnesium  lines  the  following  for- 
mulae have  been  derived  from  the  first  four  lines  of  the  series: 

126484.3 


Formula  I :  n  =  39762.68  ■ 


Formula  II :  n  --  39790.41  — 


3.o5H  _ 


O.34427 
IO9684.5 


(m  +  0.840)*  —  0.06227 


Oscillation 
Frequency  in 

O-C 
Formula  I 

O-C 
Formula  II 

O-C 
K.  &  R.'s 
Formula 

O-C 
Rydberc's 
Formula 

Vacuo 

In 
Frequency 

In  Tenth  - 
Meters 

In 
Frequency 

In  Tenth  - 
Meters 

In  Tenth - 
Meters 

In  Tenth  - 
Meters 

26085.57 
32320.40 
35095.68 
36568.50 

37444-55 
38004.23 

(3)    0.00 

(4)+0.0I 

(5)    0.00 
(6+0.01 

(7)+2.29 

(8)+i.7i 

• 
0.000 

—0.001 

0.000 

—0.001 
—0.162 

-0.118 

(2)+0.02 
(3)-0.0I 

(4)  0.00 

(5)  0.00 
(6)+i.67 

(7)+0.I2 

-0.003 
+0.001 
0.000 
0.000 
-0.II8 
—  0.O08 

—  O.OI 

—  0.01 

+0.31 
0.00 

— 0.4T 
—0.46 

+0.5 

—  I.I 

—  0.1 

—0.6 
+0.9 
+0.4 

For  the  least  refrangible  components  of  the  second  subor- 
dinate series  of  triplets  the  formulae  are: 

176665.9 


Formula  I  :  //  = 
Formula  II  :   n 


39699.68  — 


39794-75- 


ma-in—  2.25379 
"5447-6 
(w  +  o.555)2  —  0.89949 


Oscillation 
Frequency 


U>\)  10285.44 
2Q0OO.2I 
33978.46 
35041.23 
37047 -$7 
37734.99 


0- 

c 

FORMULA    I 

In 

In  Tenth- 

Frequency 

Meters 

(3)     0.00 

0.000 

(4)  — 0.01 

+0.001 

(S)  — 0.01 

+0.001 

(6)+o.04 

—  0 . 003 

(7)~o.i8 

+0.013 

(8)+ 1.  So 

-0.127 

O-C 
Formula  II 


In 
Frequency 

(2)+0.03 
(3)  — 0.02 
(4)+0.0I 
(5)  0.00 
(6)-2.64 
(7)-4-76 


In  Tenth- 
Meters 


—  0.008 
+0.002 
+0.001 
0.000 
+O.I98 
+0.336 


O-C 

K.  &  R/s 

Formula 

(In  Tenth- 

Meters) 


+53-22 

—  0.03 

—  0.05 

—  0.02 
+0.1 1 
+0.27 


O-C 
Rydberc's 
Formula 
(In  Tenth- 
Meters) 


+3.9 

-13.0 

—  2.2 

+2.5 
+3.8 
+4.8 


RYDBERG  S    SERIES    OF    MAGNESIUM. 

There  is  another  series  of  magnesium  lines  to  which  attention 
was  first  drawn  by  Rydberg1  for  which  the  formulae  of  Rydberg 

1  Ofvtrsigt  af  Kongl.  Vet.-Akad.  Forhamfl.     Stockholm,  1893. 
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and  of  Kayser  and  Runge  give  very  unsatisfactory  results, 
this  series  Rydberg  has  employed  the  modified  formula : 


For 


n  =  «_  — 


(m  +  tf      (>»  +  nY  ' 


It  is  interesting  to  find  that  the  new  formulae  may  be  applied 
to  the  series  without  change.  As  the  lines  are  somewhat  nebu- 
lous, it  is  possible  that  the  wave-lengths  of  the  more  refrangible 
members  of  the  series,  which  are  also  feeble  lines,  are  not  very 
precise,  and  in  fact  for  the  last  two  lines  the  limit  of  error  stated 
by  Kayser  and  Runge  is  1.0  tenth-meter. 


Formula  I :  n  =  26633.03  — 


88847.1 


m1935  +  2.10247 


Formula  II :  n  =  26601.49  — 


107071.4 


(m  +  0.2304)2  +  2.13282 


Oscillation 
Frequency 

O-C 
Formula  I 

O-  C 
Formula  II 

O-  C 

Rydbekg's 

Modified 

Formula 

in  Vacuo 

In  Frequency 

In  Tenth-Meters 

In  Frequency 

In  Tenth-Meters 

18082.33 
21255.70 
22970.71 
23986.85 
24633.15 
25074.IO 

(3)-o.oi 

(4)  0.00 

(5)  0.00 
(6)— 0.01 
(7)-i.oi 
W+3.61 

+0.003 
0.000 
0.000 
+0.002 
+O.17O 
-0.570 

(3)  0.00 

(4)  0.00 

(5)  0.00 

(6)  0.00 

(7)-o.53 
(8)+5.oo 

000000 
0  0  0  0  0  t>» 

0  0  0  d  d  0 

+  1 

+0.019 

—  0.009 

—  0.004 
0.000 

+0.200 

—0.480 

THE  TWO  SUBORDINATE  SERIES  OF    HELIUM   DOUBLES. 

For  the  less  refrangible  components  of  the  first  subordinate 
series,  the  formulae  and  results  are  as  follows: 


Formula  I :  «=  29222.11  — 


1 10093.6 


Formula  II :  n  =  29222.89  — 


109697.9 


(m  +  0.996  )2  +  0.009 1 5 1 
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O—  C 

O—  c 

O-O 

O-C* 

Formula  II 

K.  &  R.'s 

Rydberg's 

Oscillation 

Formula 

Formula 

Frequency 
in  Vacuo 

In 
Tenth- 

In 

In  Tenth- 

In 

In  Tenth- 

In  Fre- 

In Fre- 

In Tenth- 

Frequency 

Meters 

Frequency 

Meters 

quency 

Meters 

quency 

Metets 

D 3 17014. 13 

(3 

0.00 

0.000 

(2)+0.02 

—0.007 

0.00 

0.00 

-9-43 

+3-263 

"356.97 

14 

0.00 

0.000 

(3)— O.OI 

+-0.002 

0.00 

0.00 

+2.40 

—  0.480 

24829 . 56 

i  5 

0.00 

0.000 

(4)      O.OO 

0.000 

0.00 

0.00 

+o.74 

— 0.119 

96172.44 

1  6 

0.00 

0.000 

(5)      O.OO 

0.000 

-0.13 

-f-0.02 

+0.25 

-0.036 

26981.92 

1  7 

-0.08 

-j-o.oii 

(6^—O.IO 

+0.014 

-0.39 

+0.05 

-O.OI 

+0.001 

27507 . 23 

1  8 

■    11 

+0.013 

(7I-O.16 

+0.021 

—0.60 

+0.08 

—0.12 

+0.014 

27867.34 

[9 

—  a  12 

+0.015 

(8)— 0.20 

+0.026 

-0.78 

+0.10 

-0.17 

+0.022 

28124.73 

1  Id 

-0.02 

+0.003 

l9)-o-43 

+0.054 

-1.09 

+0.14 

— 0.36 

+0.046 

28315  49 

<TI 

—  0.05 

-(-0.006 

{ 10)—  0.21 

+0.026 

—  1. 00 

+0x3 

—0.16 

+0.020 

28460.56 

i  12 

{-0.29 

-0.045 

(1D-0.08 

+0.010 

-0.94 

+0.12 

—  O.OI 

+0.001 

28573 -37 

t*3 

-fo   19 

—0.023 

(12^—0.06 

+0.007 

-0.99 

+0.12 

+0.03 

—  0.004 

28662.74 

1  n 

'  a  10 

—0.012 

(i3)-o.i7 

+0.021 

-1. 16 

+0.14 

—0.08 

+-0.010 

28715.00 

1 1 5 

■  □  20 

—  0.024 

(14)— O.IO 

+0.012 

-1. 14 

+0.14 

0.00 

0.000 

28794 -33 

1 16 

-■■  48 

-0.057 

U5)+o.i5 

—0.018 

-0.93 

+0.11 

+0.26 

—0.031 

28841.27 

I  "7 

1  0  50 

—0.060 

(l6)+0.12 

—  0.014 

-0.99 

+0.12 

+0.24 

—0.029 

28881.93 

1  IB 

1  86 

-1-0.222 

ll7)-2.25 

+0.268 

-3  39 

+0.41 

—  2.12 

+0  253 

28919.43 

1  rq 

94 

— O. 112 

(181+0.53 

—  0.063 

-0.64 

+0.08 

+O.66 

—0.079 

For  the  second  subordinate  series  the  formulae  for  the  less 

refrangible  components,  as  calculated  from  the  first  four  lines, 

are  as  follows  : 

142010 . o 
Formula    I:     // =  29176.95  — 


Formula  II  :     //  =  29227  .  70  — 


.n*'m—  0.62765 

HQ377-6 

(tn  -\-  o.  724)*  —  0.099836 


O- 

-C 

O- 

-C* 

O  —  L 

O  -  L 

K.  &  R 

's  For- 

RVDB  ERG'S 

tORMl'LA   I 

Formula  II 

Ml'LA 

Formula 

Oscillation 

Freoiency 

In 
Tenth- 
Meters 

in  Valto 

In    Fre- 

In Tenth  - 

In  Fre- 

In Tenth- 

In  Fre- 

In Fre- 

In Tenth- 

quency 

Meters 

quency 

Meters 

quency 

quency 

Meters 

14149  48 

1  3  »  +   O.OI 

—  0.005 

1  2)—  0.02 

+0.011 

—47.85 

+24.00 

-44-86 

4-22.660 

2I2TO    94 

1  4 )        o.oo 

0.000 

1  3  (+O.OI 

—0.002 

0.00 

0.00 

—  6.70 

+  1. 5«> 
+  0.241 

24254.39 

l s 1       0.00 

0.000 

t 41—0.01 

+0.002 

0.00 

0.00 

—  1.4* 

2584*. 55 

10  1        O.OO 

0.000 

( 5  1     0.00 

0.000 

0.00 

0.00 

—  0.16 

+  0.024 

a' --780.  01 

1  7  )+  0.84 

—  0. 117 

10)  — 0.36 

+0 .  050 

+  1.38 

-  0.19 

+   O.II 

—  0.015 

27<7<.7l 

1S1  +   1.27 

-0.168 

(71-0.78 

+0.103 

+  3-44 

—  0.46 

+  0.18 

—  0.024 

27774.03 

1  9  1  -   4 . 04 

— 0.524 

1  8  >  - 1 .  44 

+0.187 

+  5-37 

—  0.70 

—  0.03 

+  0.004 

J8.j57.39 

no)  -   0-35 

-0.807 

(9)  -1.  75 

+0.222 

+  751 

-  0.95 

+  0.05 

—  0.006 

28204.92 

1  ti  I  |-  8.ss 

—  1 .064 

(  1 0  >  —  2 .  40 

+0.299 

+  9»8 

-  1. 16 

—  0.03 

-*-  0.004 

28421    47 

1  12 1  •  10  04 

-I    324 

(  1 1  )  —  2 . 62 

+0 .  326 

+  10.76 

-   1  33 

—  0.17 

+  0,024 

-*..54?   £7 

l  131   '■  13.41 

-1634 

(  12)  -2.25 

+0.274 

+  12.82 

-   1-57 

+  0.47 

—  0.057 

28f.,S.«^ 

1  14 >;  15.  3" 

-1.865 

1  i3'~2-43 

+0.296 

+  14.10 

-   1.72 

+  0.52 

—  0.003 

28714.  ^7  < 

(  1 5  1  -*- 1 5  .  99 

-1.948 

(141-3.97 

+0.484 

+  1385 

—   1.69 

—  0.82 

+  0. 100 

1  lor  all  the  heiium  series  Runge  and  i'aschen  use  the  formula: 

ft  =  A . 

/«*       w3 

7  Rvdberg  does  not  appear  to  have  published  calculations  for  the  helium  lines, 

but  he  has  published  statements  of  the  convergence  frequencies  of  the  series  (Astro- 

I'MYsicai,  Journal,  4,  94,  1896)  and   of  the  values  of  the  term  p  in  his  equation 

{Ibid.,  6,  234,  1S97).     R\  making  use  of  these  we  get  for  this  series  the  formula 

—  ^   o-,    -  100675 

"  "  29222,/0       (w  -f  0.996084)*  ' 

and  it  is  from  this  that  the  tabulated  errors  have  been  derived. 

*  Marked  "doubtful"  in  Runge  and  Paschen's  table. 

*  See  note  to  previous  table ;  the  errors  stated  have  been  calculated  from  the  equa- 

109675 


: 29222.63  — 


(W+O.7OI464)2' 
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GENERAL    DISCUSSION. 

The  foregoing  examples  suffice  to  demonstrate  that  series 
which  present  great  departures  from  calculation  when  the  older 
formulae  are  employed  can  be  better  represented  by  either  of  the 
two  formulae  investigated,  but  few  of  them  permit  a  final  com- 
parison of  their  relative  merits  or  of  the  ultimate  accuracy  of 
which  they  are  capable.  In  some  of  the  series  there  are  proba- 
bly small  errors  of  observation  which  account  in  part  for  differ- 
ences between  the  observed  and  calculated  frequencies,  and  in 
most  of  them  comparatively  few  lines  have  been  traced.  For 
helium,  however,  the  case  is  different;  many  lines  have  been 
observed,  and  as  they  are  also  well  defined,  the  positions  deter- 
mined by  Runge  and  Paschen  are  probably  accurate  to  a  high 
degree. 

All  the  helium  series  are  not,  however,  well  adapted  to  test 
the  different  formulae.  The  first  subordinate  series  of  doubles, 
for  example,  is  very  closely  represented  even  by  the  simplest 
generalization  of  Balmer's  formula  for  hydrogen,  the  equation 
calculated  from  lines  for  which  m  has  the  values  3,  4,  5,  being 

n  =  29225 .  58  -  10"°a1,37  . 

With  this  formula  the  differences  between  the  observed  and 
calculated  frequencies  for  values  of  m  as  far  as  17  do  not  differ 
by  more  than  2.13.  As  all  the  formulae  under  investigation  are 
attempted  generalizations  of  Balmer's  law,  it  is  clear  that  such  a 
series  as  this  cannot  be  effectively  employed  for  their  compari- 
son, and  it  will  be  seen  by  reference  to  the  table  that  the  differ- 
ences between  the  observed  and  calculated  frequencies  are  very 
small  throughout.  It  is  the  second  subordinate  series  of  double 
lines  of  helium  which  at  present  permits  the  best  comparison  of 
the  formulae. 

From  the  table  already  given  for  this  series  it  appears  that 
Formula  I,  when  calculated  for  the  first  four  lines,  gives  errors 
comparable  with  those  of  Kayser  and  Runge's  formula  for  lines 
corresponding  to  the  greater  values  of  w,  but  has  the  advantage 
of  correcting  the  large  error  in  the  case  of  the  first  line.  Still, 
this  cannot  be  considered    an  accurate  formula  for  the  series 
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especially  as  the  convergence  frequency  is  notably  smaller  than 

that  derived  from  the  first  subordinate  series.     Nevertheless  it 

is  instructive  to  observe  the  effect  of  calculating  the  constants 

from   lines  more  widely  separated   than  the  first   four;   taking 

lines  for  which  m  =  3,  4,  6,  and  8,  we  get  equation  U  stated 

at  the  head  of  the  following  table.     Again,  reducing  p  to  2.09 

and  calculating  the  other  constants  from  the  first  three  lines,  we 

get  equation  \c. 

The  results  are  as  follows : 

142019.0 


Formula  Itf.*     n  =  29176.95  — 
Formulaic.-     n  =  29189.83  — 


Formula  \c: 


mal°3  —  0.62765 

I40337-9 
m209*7—  0.65602 

n  =  29200.77 7^?—  %J —  • 

y  "       m709—  0.66775 


Oscillation 

O-C 

O-C 

O-C 

Frequency  in 

Form t  la  la 

Formula  \b 

Formula  \e 

Vac  1/0 

In  Frequency 

In  Frequency 

In  Frequency 

I4I49.48 

+    0.0I1 

— 0.021 

O.OO1 

21210.94 

O.OO1 

+0.021 

O.OO1 

2425Q.39 

O.OO1 

+0.61 

O.OO1 

25848.55 

0.00' 

— 0.0I1 

-1.66 

26780.61 

+    O.84 

-0.36 

-3.13 

27373-71 

+    1.27 

O.OO1 

-3.76 

27774.08 

+    4.04 

—  1 .62 

-3.96 

28057.39 

+    6.35 

+1.98 

-3.38 

28264.92 

+    8-55 

+3-3I 

-2.67 

28421.47 

+  IO.64 

+4.64 

-1.86 

28543.27 

+  13-41 

+6.67 

—0.20 

28638.93 

+  15.31 

+8.23 

+0.89 

287I4-37 

+  15-99 

+8.26 

+0.59 

The  errors  may  in  this  way  be  generally  reduced  and  differ- 
ently distributed,  but  it  is  clear  that  the  series  cannot  be  repre- 
sented by  Formula  I  with  an  accuracy  equal  to  the  probable 
accuracy  of  the  observations. 

For  the  same  series,  Formula  II,  as  derived  from  the  first  four 
lines,  is  decidedly  more  accurate  than  Formula  I  derived  from 
the  same  four  lines,  and  the  convergence  frequency  is  also  very 
nearly  equal  to  that  of  the  first  subordinate  series.  The  regular 
increase  in  the  differences  0  —  C  suggests  that  the  formula  might 

'Used  in  calculation  of  constants. 
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be  improved  by  taking  a  value  of  fi  slightly  different  from  that 

given  by  the  first  four  lines.     Thus,  by  calculating  the  constants 

from  lines  for  which  m  =  2,  3,  5,  and  7,  the  value  of  fi  becomes 

0.716,  and  the  equation  derived  is 

1 10040.6 

n  =  20224.24  —  -. ; -p- — -  . 

v     H    *      (w  +  0.716)2  —  0.07766 

Here  the  convergence  frequency  differs  very  slightly  from 
that  of  the  first  subordinate  series,  and  the  differences  0—  Care 
greatly  reduced,  as  shown  in  the  following  table: 


Observed  Fre- 

O-C 
Formula  II  Above 

quency  in 

Vacuo 

In  Frequency 

In  Tenth- Meters 

14149.48 

—  O.OI 

+0.005 

21210.94 

0.00 

0.000 

24259.39 

—  O.24 

0.041 

25848.55 

0.00 

0.000 

26780.61 

+0.03 

—0.004 

27373.71 

0.00 

0.000 

27774.08 

-0.28 

+0.036 

28057.39 

—0.32 

-4-0.041 

28264.92 

-0.49 

+0.061 

28421.47 

-  0.72 

+0.091 

28543.27 

-0.17 

+0.021 

28638.93 

—  0.20 

+0.024 

28714.37 

-I. 61 

+0. 196 

The  differences  between  calculation  and  observation  thus 
become  almost  insignificant,  never  amounting  to  more  than  0.1 
tenth-meter,  except  in  the  case  of  the  last  line,  which  is  marked 
44  doubtful  "  by  Kayser  and  Runge. 

Of  the  other  examples  given,  the  principal  series  of  potassium 
is  about  the  only  one  which  is  sufficiently  extended  to  be  used 
in  a  minute  comparison  of  the  formulae,  but  in  this  case  the 
wave-length  determinations  are  probably  much  less  precise  than 
those  of  helium.  From  the  table  already  given  it  will  be  seen 
that  when  the  constants  are  determined  from  the  first  four  lines, 
the  two  formulae  investigated  in  this  paper  represent  the  series 
with  almost  equal  accuracy,  and  much  more  closely  than  the 
older  formulae.  As  in  the  case  of  the  second  subordinate  series 
of  helium,  however,  it  is  found  that  changes  in  the  constants  of 
Formula  I  do  not  result  in  quite  so  accurate  a  representation  of 
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the  series  as  can  be  obtained  by  a  change  of  constants  in  Formula 
II.  Thus  by  calculating  the  constants  of  the  latter  from  the 
first,  second,  fourth,  and  six  lines,  we  get  the  equation : 

ii39*9-3  . 

n=  3503I.OO-  7 ; r- —     J 

33   *  (m  + 0.430)°-  0.7380 

and  the  differences  0  —  C  compared  with  the  limits  of  error  of 
observation  stated  by  Kayser  and  Runge  are  as  follows : 


OBSERVED  FRE- 
QUENCY IN 

o-c 

Formula  Above 

Limit  of  Error 
of  Observation 

Vacuo 

in  Tenth- Meters 

In  Frequency 

In  Tenth-Meters 

12984.69 

+0.99 

-O.58 

5.00 

24700.46 

—  0.06 

+0.01 

0.03 

28998.41 

-I.59 

-f0.I9 

O.03 

31068.72 

—  O.O4 

+0.004 

O.03 

32224.22 

—  I.96 

+0.19 

0.  10 

32940.18 

+  0.  II 

— 0.01 

0.10 

33409.17 

-2.58 

+0.23 

0.15 

33736.46 

-3-35 

+0.29 

0.20 

33971-45 

-5.80 

+0.50 

1. 00 

When  the  errors  are  distributed  in  this  way,  it  will  be  seen 
that  they  are  on  the  whole  scarcely  too  great  to  be  considered 
as  arising  from  errors  of  observation. 

The  general  result  of  the  comparison,  therefore,  is  that,  while 
both  the  formulae  investigated  represent  the  observed  series 
very  closely,  the  most  accurate  general  formula  appears  to  be: 

C 

With  this  formula,  if  the  constants  are  calculated  so  as  to 
distribute  the  errors,  the  computed  differ  from  the  observed 
positions  by  amounts  which  perhaps  do  not  exceed  the  probable 
errors  of  the  observations  at  present  available. 

Royal  College  of  Science,  London, 
March   30,  1903. 


THE  VARIABLE   STAR   6871    V  LYRAE. 

By  J.  A.  Parkhurst. 

The  variability  of  this  star  was  announced  by  Anderson  in 
1895',  this  being  one  of  many  variables  which  are  very  faint  for 
the  greater  part  of  their  period,  and  yet  have  been  detected  by 
this  careful  observer  with  telescopes  of  two  and  three  inches  aper- 
ture. In  the  place  just  cited,  magnitudes  are  given  from  the 
Harvard  photographs  from  July  24,  1892,  to  October  6,  1894. 
Visual  observations  have  been  published  by  Yendell,2  H.  M. 
Parkhurst,3  and  the  writer,4  covering  the  maxima  of  each  year 
from  1893  to  1900,  inclusive.  Approximate  data  for  the  minima 
of  1899  and  1900  are  given  in  the  last  reference.  Photometric 
magnitudes  of  comparison  stars  brighter  than  the  twelfth  magni- 
tude have  also  been  published  by  H.  M.  Parkhurst,5  with  which 
those  given  in  this  paper  are  in  fair  agreement. 

INSTRUMENTS. 

These  are  the  same  as  given  in  my  paper  on  X  Cep/iet6 — a 
157  mm  reflector,  a  305  mm,  and  the  101  cm  refractor  of  the 
Yerkes  Observatory ;  the  equalizing  wedge  photometer  being 
attached  to  each  of  these  instruments.  The  photograph  of  the 
field  reproduced  in  Plate  I  was  taken  November  30,  1902,  with 
an  exposure  of  thirty-six  minutes,  from  6h  24™  to  7h  om  Central 
Standard  Time.  The  faintest  stars  shown  on  the  plate  are  about 
16.5  magnitude,  though  none  fainter  than  e,  15.80  magnitude, 
have  been  measured  in  this  field. 

POSITION    OF    THE    VARIABLE. 

The  variable  was  connected  on  two  nights  with  the  compari- 
son stars  a,   b,  and   c,  whose  Durchmusttrung  numbers   will    be 
«/f.  A\,  137,  235- 

2  Astronomical Journal,  15,  157,  1895;  17,  27,  1896. 
*Ibid.,  17,  65,  1897;  18,  100,  1897;  19,  190,  1899. 

4 /£*'</.,  17, 102,  1897;  18,142,  1898;  Astrothyskal  Journal,  14,  [74,1901. 
*Ibid.t  17,  65,  1897.  6Asiroi'HYsical  Journal,  17,  48,  1903. 
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found  in  Table  II.  The  places  of  these  stars  for  1875  vvere 
taken  from  the  Cambridge,  England,  Astronomische  Gesellschaft 
Catalogue.     The  results  were  as  follows : 


Star 

a 

b 

c 

R.A.  1875 
AR.A. 
R.A.  V 

I9h 
19 

3m 
+1 
4 

1*02 

9.93 

10.95 

4m      8*51 

+0        3-27 

4       11.78 

4" 

+0 

4 

10!  80 

0.30 

11. 10 

Mean  F1875 

19 

4 

11.28 

- 

- 

Dec,  1875 

A  Dec. 

V 

+290 

+29 

36' 
-8 
27 

I6?2 
42.4 
33-8 

42'     43 r9 

-15       10.5 

27       33-4 

17' 
+9 
27 

48  f  7 

433 
320 

Mean  V  1875 

+29 

27 

33-1 

For  convenience  the  following  are  added : 

POSITION    OF    687I     V  LYRAE 

R.A.   igh  3m  24?5,  Dec.  +20/  25'   42*  (1855). 
5      9.9.  29     52     (1900). 


COMPARISON    STARS. 

The  numerical  data  for  the  comparison  stars  are  given  in 
Tables  1  and  II,  which  require  little  explanation.  The  positions 
of  all  the  stars  are  shown  on  the  chart.  The  co-ordinates  from 
the  variable  for  the  stars  brighter  than  twelfth  magnitude  were 
measured  with  the  filar  micrometer  on  the  6-inch  reflector;  the 
faint  stars  near  the  variable  were  measured  with  the  40-inch 
refractor,  and  all  positions  were  checked  from  the  photograph. 
The  light  scale  was  formed  in  the  usual  manner,  from  compari- 
sons of  the  variable  by  Argelander's  method  ;  the  results  are 
given  in  the  fourth  column.  The  zero  point  of  this  scale,  the 
star  e,  is  not  the  limit  of  vision  of  the  40-inch  refractor,  but 
simply  the  faintest  star  needed  in  the  visual  comparisons.  The 
fifth  column  shows  the  results  of  the  photometer  measures  which 
arc  given  in  detail  in  Table  III. 

The  photometric  magnitudes  are  based  on  the  following 
standard  stars: 
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B.D. 

1855 

Magnitudes 

Star 

No. 

Mag. 

R.A. 

Dec. 

P.DAf. 

Harvard 

24 

45 

A 
B 
C 

+29°  3472 
+30     3425 
+30     3438 

6.5 
7.8 
7.0 

jgh     0m         ySfc 

I    54.4 

3     14-7 

+29°  41-9 
+30       I.o 
+30       4.4 

6.45 
6.94 

6.46 
8.06 
6.86 

6.77 
6.90 

The  magnitudes  in  the  last  three  columns  are,  respectively, 
from  the  Potsdam  Plwtometric  Durchmusterung,  Harvard  College 
Observatory,  Vol.  24  {Meridian  Photometry},  and  Vol.  45  {Photo- 
metric  Durchmusterung) .  The  magnitudes  used  were  those  of 
Harvard  24,  as  it  contained  all  three  of  the  stars  and  differed 
but  little  from  the  P.DM,  the  difference  in  the  systems  being 
only  0.035  mag-  In  tne  sixth  column  of  Table  I  are  given  the 
magnitudes  of  such  of  the  stars  as  were  not  measured  with  the 
photometer.  These  were  read  off  from  the  "  Magnitude  Curve," 
Fig.  I,  in  a  manner  to  be  described  later. 

TABLE  I. 
Comparison  Stars  for  V  Lyrae.     In  order  of  Right  Ascension. 


X 

Co-ordinates 
from  V 

Light 
Scale 

Magnitude 

QC 
< 

1 

Co-ordinates 

FROM   V 

Light 
Scale 

Magnitude 

R.A. 

Dec. 

Meas- 
ured 

From 
Curve 

R.A. 

Dec 

Meas- 
ured 

From 
Curve 

a- 
0 
f 
k 

s 
r 
t 
g 

? 

k 

c 
a. 
0 

• 
-70 
-45 
-44 

-38 

-3i 
-27 
-26 
-25 
-17 

-  7 

-  5 

-  6 

-  5 

-  5 

+  8    43 
-«     54 

—  3    49 
+  2    24 
+  a    40 
-f  a     25 
-f  1     18 

—  0    52 

4-  1    4a 

+17    48 
-f  3    49 

—  0    50 

—  2    00 

—  1     21 

steps 

37*6 

28.1 
28.4 

19.0 

a5-4 
23.0 

27.0 
0.0 

15  3 
7-x 

8.29 

9-35 
ti. iS 

XI.  32 

ix. 91 

xi.  40 

12^88 

12.30 

15.80 
t3  5a 
14.78 

8 
e 

b 
n 

JC 

c 

z 

i: 

1    y 

1  y 

u 

1- 

1 

s 

—  4 

—  3 

—  2 

—  2 

—  1 

—  X 

x\ 

+  3 
-»-  8 
+  8 
+40 

-  0    25 

-  6    26 
f-15     " 

+  4     36 
+  0     35 

-  9     41 

-  0     34 
-f-  2     54 

-  8       8 

-j-    0        jg 

-  0       3 

-  0     29 

-f-I2       OO 

steps 

»  5 
29.2 
44   3 
26.0 

35  9 
8.0 

31.8 

7-7 
16.4 
37  -o 

1560 

'8.54 
12.20 

10.05 
14.76 
13  35 

13.08 

9.81 

11.27 
i4'8' 

10.80 
14.70 

Table  II  gives  the  Durchmusterung  numbers  of  part  of  the 
stars,  also  a  comparison  between  the  Durchmusterung  magnitudes 
and  the  photometric  measures  of  H.  M.  Parkhurst  and  the 
writer.     There   is  a  systematic   difference   of    about   0.15    mag. 
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between  the  two  latter,  which  can  be  explained  by  the  fact  that 
they  are  based  on  a  different  set  of  Meridian  Photometer  stars. 
Besides  this,  there  is  a  difference  of  0.60  mag.  in  the  star  b, 
which  has  a  range  of  over  a  magnitude  from  the  Durchmusterung 
value.  The  photographic  magnitude  of  b  is  about  9.2,  showing 
a  considerable  color  and  probable  fluctuations  or  variation. 


TABLE   II. 
Comparison  with  the  Durchmusterung  and  Measures  by  H.  M.  Parkhurst. 


"  Dl'RCHMUSTBRUNG" 

H.  M. 

Parkhurst 

J.  A.  Parkhurst 

Star 

Number 

Mag. 

Letter 

Mag. 

a 

-f-290  3483 

8.0 

8.29 

0 

3486 

9.2 

9-35 

I 

3490 

8.4 

b 

3492 

8.1 

/ 

9.I4 

8.54 

c 

3493 

93 

IX 

9.91 

10.05 

d 

3494 

9-5 

z 

IO.70 

10. So 

m 

+29     349» 

9.2 

w 

9.67 

9.81 

f 

b 

IO.97 

11. 18 

h 

c 

11.02 

11.40 

S 

a 

10.95 

11 .22 

e 

e 

11.28 

11.27 

The  photometric  measures  of  the  comparison  stars  are  given 
in  Table  III.  The  arrangement  of  this  table  and  the  methods  of 
reduction  arc  similar  to  those  in  my  previous  paper  on  X  Cephei. 
For  convenience  I  will  repeat  here  that  the  stars  used  as 
standards  are  given  first  in  each  part  of  the  table,  with  their 
magnitudes  in  bold-faced  type.  The  mean  of  the  scale  readings 
and  the  mean  of  the  magnitudes  of  these  standard  stars  are  taken 
as  the  zero  points.  For  the  stars  whose  magnitudes  are  sought, 
the  difference  in  scale  readings  is  converted  into  magnitudes 
by  the  use  of  the  wedge  constant  given  at  the  foot  of  each  set, 
and  added  to  the  zero  magnitude,  giving  the  quantities  in  the 
last  column.  The  magnitudes  of  the  comparison  stars  brighter 
than  1  1.5  were  measured  with  the  6-  and  1 2-inch  telescopes,  and 
the  mean  of  the  results  given  after  the  set  for  October  5,  1902. 
From  these  as  standards,  the  stars  //  and  k  were  measured  with 
the  12-inch,  and  finally  the  four  fainter  stars  were  measured  with 
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the  40-inch.  The  set  of  measures  made  October  5,  1902, 
requires  explanation,  since  a  cell  holding  two  absorption  glasses 
was  interposed  in  the  cone  of  rays  of  the  real  star  while  measur- 
ing the  standards  A,  B,  and  C.  The  absorption  caused  by  these 
two  glasses  has  been  measured  by  standard  stars  and  also  by  the 
"wheel  photometer,"  the  resulting  value,  1.70  mag.,  being  used 
in  this  work.  The  mean  magnitude  of  the  three  standard  stars, 
7.13,  becomes  8.83  when  the  absorption  glasses  are  used.  It 
will  be  seen  that  the  results  are  in  good  accord  with  those  taken 
without  the  absorption  glasses. 


TABLE  III. 


1900,  August  4  ;  6-inch. 


Wedge  II. 


Star 

Scale  Readings 

Mean 

Scale 
Reading 

Magnitude 

First 

Second 

A 
B 
C 

a 
b 
m 

c 
0 

II. 8 
20.0 
15.0 

25.2 
25.O 
37-2 

34-4 
32.9 

10.5  10.5       8.8 
20.9     21.2     20.1 
14. 1     14.8     14.4 

23.6  24.2     23.9 

25.0  25.3     25.2 

35.1  36.1     357 
36.3     37-0     359 

29.2  30.9     326 

12.2 
22.2 
I4.9 

236 
24.2 

34-1 

37-2 
32.4 

99 
22.0 

13. I 

22.8 
24.6 

33-9 
38.9 
31-9 

10.9 
20.9 
14.2 

23.8 
24.7 
34-6 
37-7 
31-9 

11. 0 
21.5 

13. 1 

22.0 
25.9 
33-6 
379 
31-9 

IO.60 
21.12 
14.20 

23.64 
24.99 
35-04 
37-04 
31.72 

646 
8.06 
6.86 

8.21 
8-39 
9.70 
9.96 
9.26 

Wedge  constant,  0.130  mag. 


1900,  October  13;  6-inch. 


Wedge  II;  seeing  fine. 


c 

12.2 

10. 0 

95 

9-8 

8.8 

8.2 

9-75 

686 

B 

17.8 

18.8 

195 

17. 1 

17.2 

17-3 

17-95 

8.06 

a 

20.  I 

21. I 

20.9 

21.0 

21 .2 

21.9 

21.04 

8-39 

b 

23.9 

23.5 

24.2 

22.5 

24-3 

22.1 

23.42 

8.70 

m 

33.5 

32.6 

33-o 

32.3 

32.2 

32.6 

32.70 

9.91 

c 

35-0 

34-8 

34-7 

33-0 

34-0 

35-o 

34-42 

10. 13 

0 

29.I 

28.3 

28.8 

28.0 

29.9 

30.1 

29.03 

9-43 

g 

42.9 

45-1 

43-5 

43.83 

11 .36 

f 

42.0 

43-2 

43-3 

42.50 

11. 18 

k 

48.5 

50.7 

50.2 

49.80 

12.13 

V 

36.7 

393 

37-5 

37.83 

10.38 

Wedge  constant,  0.130  mag. 
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TABLE  III— Continued. 
1902,  October  5  ;  1 2-inch.  Wedge  V;  seeing  good. 


Ca 

12.0 

13. 1 

n. 8 

12.3 

13.0 

12.7 

12.49 

6.86 

Ba 

17.8 

18.5 

18.2 

21.0 

20.5 

19.9 

19.32 

8.06 

Aa 

9.2 

9-1 

9-1 

10. 0 

9.1 

8.8 

9.22 

6.46 

e 

35-o 

34-4 

35-7 

33-0 

330 

333 

34  07 

11 .07 

q 

41.2 

42.8 

42.4 

43-3 

42.0 

41.8 

42.25 

11.97 

k 

40.7 

40.0 

40.9 

38.5 

38.3 

38.9 

39-55 

II.68 

n 

43-1 

449 

44.0 

41-3 

40.5 

40.3 

42.35 

11.98 

b 

10.6 

10.3 

11. 0 

11. 2 

11. 8 

11. 2 

11.02 

8.54 

a 

8.8 

9.8 

8.3 

8.8 

8.7 

7.8 

8.70 

8.28 

V 

49.9 

50.2 

498 

49.1 

48.7 

48.0 

49.29 

12.75 

Wedge  constant,  0.110  mag. 


RESULTING   MAGNITUDES   FROM   MEASURES   WITH   6-   AND    12-INCH. 


s™   |    *£< 

1900 
Oct.  13 

190a 
Oct.  5 

Mean 

a 

b 

0 

m 
c 

f 
8 

8.21 

8.39 
9.26 
9.70 
9.96 

8.39 
8.70 

943 

9.91 

10.13 

II. 18 

II.36 

8.28 
8.54 

II.07 

8.29 

8.54 

935 

9.81 

IO.05 

II. 18 

11.22 

iqoo,  October  17;   12-inch. 


Wedge  II;  seeing  fair. 


Star    | 

I 

Scale  R 

EADINGS 

Mkan 

Scale 
Reading 

MACNrrvDB 

First 

Second 

b        | 
m       j 
c       I 
0       ' 

20.4 
31.7 

33-1 
25.0 

I9.6 
29.3 
33-9 
25.I 

19.9 
2Q.0 
32.2 
24.7 

20.9 

32.7 

35-o 

24.8 

20.5 
30.0 
34.1 

23.8 

195 
30.6 
35.0 

25.0 

20.14 
30.55 
33.98 
24.73 

8-54 

9.81 

IO.05 

9  35 

n       1 

"    1 

48.9 
45-5 
01.5 

49.6 
46.7 
5Q.8 

47-8 

46.3 
62.1 

51.3 
46.8 

51.0 
46.2 

49.8 
43.8 

49-90 
45.89 
61.13 

12.37 
11.83 
13.83 

v  ! 

35-7 

35-4 

35.. 

35-40 

10.48 

Wedge  constant,  0.130  mag. 
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1902,  May  14;  12-inch. 
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Wedge  V;  seeing  good. 


a 

14.5 

15.2 

15. 1 

15.0 

15.2 

15.7 

15.12 

8.29 

b 

18.8 

18.8 

18.9 

17-5 

17.7 

17.7 

18.23 

8-54 

m 

29.9 

30.1 

30.1 

29.0 

29.2 

29.9 

29.70 

981 

c 

35-3 

35-4 

36.3 

35-0 

35-0 

34-2 

35-20 

10.05 

n 

52.8 

534 

52.8 

51.9 

52.5 

52.3 

52.62 

12.26 

k 

50.7 

51.2 

50.1 

49.2 

495 

5o.i 

50.14 

11.98 

Wedge  constant,  0.110  mag. 


RESULTING    MAGNITUDES   FROM    MEASURES   WITH    6-  AND    12-INCH. 


Star 

1900 
Oct.  13 

I0O3 

Oct.  5 

1900 
Oct.  17 

1902 
May  14 

Mean 

n 

k 

12.13 

II.98 

11.68 

12.37 
H.83 

12.26 
II.98 

12.20 
II. 91 

1900,  July  20;  40-inch. 


Wedge  II ;  seeing  very  fine. 


Star 

Scale  Readings 

Mean 

Scale 

Reading 

Magnitude 

First 

Second 

n 

Z 
k 

u 

z 
8 
V 

24.I     24.5    23.O    23.O 
18.5     I9.0    20.7     I9.8 
26.9    24.3    24.O    25.O 

31. I     32.2    33.2    35.O 

46.0  46.7    47.5    47.9 

57.1  52.O    52.2    51.2 
36.4    34.O    35.I     34.O 

22.0     24.I      24.O     23.O 
54-5      

23-47 
19.50 
25.05 

32.88 
47-05 
53-40 
34-88 

12.20 
11.22 
11-91 

13" 
14-95 
15.69 
13.37 

Wedge  constant,  0. 130  mag. 


1900,  October  17,  40-inch. 

Wedge  II  ;  seeing  poor. 

n 

32.5     32.9 

34-0 

31-4 

28.1 

30.9 

31-63 

12.20 

k 

28.0      30.0 

30.9 

3i.o 

30.0 

30-9 

30.13 

11. 91 

V 

41.6      41.8 

40.5 

39.7 

39-6 

40.8 

4130 

13.32 

8 

53.0    54.8 

552 

61 .0 

59.6 

58.5 

57.02 

15.51 

2 

51-3       51-4 

51.5 

47-5 

48.9 

50.9 

50.25 

1457 

U 

38.1       39-2 

38.9 

38.5 

37.3 

39-6 

38.60 

13-05 

V 

11. 0    "  15.0 

15.0 

13-67  + 

9-8   ± 

Wedge  constant,  o.  130  mag. 
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TABLE  III— Continued. 

RESULTING   MAGNITUDES.      FROM    MEASURES    WITH    40-INCH. 


Stab 

IQOO 

Oct.  17 

IOOO 

July  ao 

Mean 

u 

V 
z 
8 

1305 
1332 
14.57 
15.51 

13- II 
1337 
14-95 
15-69 

13-08 

1335 
14.76 
15.60 

No  correction  for  differing  zenith  distance  has  been  applied 
to  these  measures,  since  even  in  case  of  the  most  distant  com- 
parison stars,  A,  B,  and  C,  the  distance  would  differ  by  less 
than  half  a  degree,  giving  a  correction  of  less  than  o.Oi  mag.  at 
the  altitude  at  which  the  measures  were  made.  For  the  fainter 
standards  the  correction  would  be  still  smaller. 


MAGNITUDE    CURVE. 


Fig.  I  is  platted  with  the  photometric  magnitudes  as  abscissae 
and    the   positions   in   the    light-scale   as    ordinates,  giving   the 


Fig.  1. 


6871    V  LYRAE  4 1 

points  indicated  by  the  round  dots.  Through  these  the  smooth 
curve  was  drawn  and  on  this  curve  the  stars  not  measured  with 
the  photometer  were  entered  from  their  positions  in  the  light 
scale,  the  places  being  indicated  by  crosses.  The  average  dis- 
tance between  the  platted  points  and  the  curve  is  o.n  magni- 
tude, the  greatest  residual  being  for  the  star  g,  0.30.  This 
depends  on  the  measures  of  only  two  nights.  Omitting  this 
star,  the  mean  residual  is  reduced  to  0.09.  The  mean  value  of 
one  step  is  0.16  magnitude,  and  is  essentially  the  same  with  the 
different  apertures. 

VISUAL    OBSERVATIONS    OF    THE    VARIABLE. 

The  visual  comparisons  by  Argelander's  method,  and  reduc- 
tions to  magnitudes,  are  given  in  Table  IV,  which  should  be 
printed  as  a  double-page  table,  the  comparisons  on  the  left  and 
the  corresponding  reductions  on  the  right,  For  convenience  the 
current  number  is  repeated  on  the  right-hand  page.  When  the 
variable  was  invisible,  the  limit  of  vision  was  estimated  from  the 
faintest  comparison  star  seen,  and  placed  in  the  mean-step 
column,  preceded  by  the  inequality  sign,  which  is  read  "fainter 
than"  the  quantity  following.  The  limit  of  vision  from  these 
observations  is  13.24  for  the  6-inch,  and  14.76  (perhaps,  the 
record  is  "  1900,  April  4,  12-inch,  power  275,-3:  glimpsed)  for  the 
12-inch. 

THE    LIGHT-CURVE. 

In  Fig.  2  the  observed  magnitudes  are  platted,  showing  the 
star's  variations  from  1896  to  1903.  The  magnitudes  at  maxi- 
mum vary  from  9.0  to  10.5,  while  only  one  minimum,  that  of 
June  4,  1900,  is  well  enough  observed  to  determine  the  limit, 
15.4  magnitude.  A  single  observation  near  the  following  mini- 
mum, July  9,  1901,  at  15.0  magnitude,  confirms  the  first,  as  far 
as  it  goes. 
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TABLE  IV. 

6871  V  Lyrat. 

Comparisons  of  the  Variable  by  Argelander's  Method. 


Date 

M 

No. 

as 

Comparisons 

Month 

Day 

Hour 

Julian 
Day 

3 
'J 
O 

M 

ft. 
< 

1896 

C.  S.  T. 

G.  M.T. 

I 

Sept. 

22 

3825 

80 

6 

c  2  vt  v  4  d 

2 

30 

7 

3*33-5 

40 

6 

c  1  v%v  4  d 

3 

Oct. 

6 

7 

3839.5 

40 

6 

c  2  v,  v  3-4  d 

4 

13 

7 

3846.5 

40 

6 

c  0- 1  v,  v  6  d%  m  2  v 

5 

21 

8 

3854.6 

40 

6 

v  2  c,  m  1  VyO^v 

6 

Nov. 

4 

7 

3868. 5 

40 

6 

tn  4-5  vt  c  2  v,  v  4  d 

7 

12 

7 

3876.5  j 

40 
150 

6 
6 

v  d 

c  4  vt  v  2  d,  v  b  g 

8 

26 

7 

3890.5  | 

150 
150 

6 
6 

d  \  vy  v  $  e,  v  1  A,  v  2  g 
k  2  ft,  n  3  qy  q  2  r 

9 

Dec. 

9 

3903 

150 

6 

e  I  v%  v  gy  v  3  4  »,  h  1  v 

10 

1897 

23 

6 

3917.5 

150 

6 

v  1-2  e%v  g%v  in 

n 

Jan. 

9 

6 

3934-5 

80 

6 

v  not  seen 

12 

Mav 

25 

9 

4070.6 

150 

6 

v  not  seen 

13 

July 

I 

9 

4107.6 

150 

6 

v  not  seen 

M 

26 

9 

4132.6 

150 

6 

v  not  seen 

15 

Aug. 

27 

8 

4164.6 

150 

6 

q  2  p,po-I  r 

16 

Sept 

16 

7 

4184. s 

150 

6 

g  \  VyV  eyv  b  kyk  T>q 

17 

20 

4188 

150 

6 

d  1-2  Vy  v  2-3  gy  v  6-8  q 

18 

25 

4193      | 

40 
150 

6 
6 

v  hy  v  0-1  gt/i  7' 

V      2      gyV       \     fyd    V 

19 

Oct. 

I 

7 

4199.5  J 

40 

150 

40 

6 
6 
6 

c  3-4  z/,  </i  t>,  z/  4g- 

<•  4  7%  d  1  7/,  z>  4  gy  v  3  / 

7'/,  </  1-2  7/ 

20 

7 

7 

4205.5  | 

150 

6 

v  3/»  v  !-2  dy  c  b  v 

21 

14 

6 

4212.5 

150 

6 

v  4'Sf*  v  2  dy  c  4  v 

22 

23 

7 

4221.5 

150 

6 

v  4  fy  v  dy  c  $  v 

23 

29 

6 

4227.5 

40 

6 

v  1-2  dyC  3  V 

24 

Nov. 

3 

7 

4232.5 

40 

6 

v  2  dy  c  4  V 

25 

17 

7 

4246.5 

150 

40   ) 
150  ) 

6 

c  4-5  VyVld 

26 

20 

6 

4249.5  J 

6 

d    4     Vy     V      \     gy     V  / 

1898 

27 

June 

25 

10 

4466.7 

80 

12 

v  not  seen 

28 

July 

7 

10 

4478.7 

12 

v  not  seen 

29 

20 

10 

4491.7 

12 

v  not  seen 

30 

Aug. 

8 

10 

4510.7 

80 

12 

t>  not  seen 

31 

18 

11 

4520.8  j 

80 
175 

12 
12 

v  1  utq  10  v 
v  Uy  r  2  v 

32 

Sept. 

2 

S 

4535-6 

150 

6 

v  yA,f,v  ityd  iv 

33 

Sept. 

20 

8 

4^3.6 

40 

6 

v  l  Cy  m  o-l  v 

34 

Oct. 

5 

7 

4568.5 

40 

6 

V      2      My      V      4      Cy      b     6-7       V 

35 

2S 

7 

4591-5 

150 

6 

v  1-2  Cy  v  m 

36 

31 

7 

4?94-5 

40 

6 

v  3  Cy  v  0-1  iw 

37 

Nov. 

7 

6 

4601.5 

40 

6 

W       I      VyV     CyV     %     C 
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TABLE  IV. 

6871  V  Lyrae. 

Reduction  of  Observations. 


Means 

Seeing 

No. 

Details  ik  Stsps 

Remarks 

Steps 

Mag. 

I 

33.9,35.8 

349 

IO.24 

Moon,  good 

2 

34.9.35.8 

35-4 

10.17 

Moon,  good 

3 

33.9,35-3 

34-6 

10.15 

good 

4 

344,37-8,35.0 

35-7 

10.  10 

Moon,  fair 

5 

379,  360,  346 

36.2 

10.02 

good 

6 

32.5,33.9,35.8 

34.1 

IO.39 

fair 

A 

31.8 

32.2 

IO.75 

good,  Moon 

passing  clouds 

31.9,33.8,31.4 

8I 

27.4 

30.5 

II. 01 

good 

limit  r 

30.8,34-2,29.4 

9 

28.2,  25.4,29.5,  27.4 

27.6 

11.52 

fair,  Moon 

10 

30.7,25.4,29.0 

25.8 

II. 8l 

good 

11 

<27.0 

<u.6 

low,  Moon 

limit  k 

12 

<i9-o 

<I2.9 

good 

k, *,  ?,  and  r  seen 

13 

<i9-5 

<I2.9 

good  to  fair 

limit  3-4  <  q 

14 

<i9-5 

<I2.Q 

good  to  fair 

limit  3-4  <  q 

15 

21.0,  I9.5 

20.3 

12.74 

good 

16 

24.4,29.2,33.0 

28.8 

1 1  .  32 

fair 

17 

30.3,  27.9,  30.0 

29.1 

11.29 

good 

.8    j 

28.4,  25.9,27.1 

28.3 

II.4O 

good 

27.4,29.1,318 

"{ 

32.4,30.8,29.4 

30.8 

IO.97 

fair 

31.9,  30.8,29.4,  31. I 

20       \ 

28.1,29.3 

30.3 

11.07 

Moon 

31.1,333,29.9 

21 

32.6,  32.8,31.9 

32.4 

IO.7O 

good 

22 

32.1,31.8,30.9 

31.6 

IO.83 

good 

23 

33-3,  32.9 

33-1 

IO.57 

good 

24 

33-8,  31-9 

33-4 

10.52 

good,  Moon 

25 

31.4,32.8 

32.1 

IO.76 

fair  to  good 

26 

27.8,  26.4,  28.1 

27.4 

11.55 

good 

27 

<i5 

<I36 

limit  8  <  q 

28 

<i6 

<  13-4 

fine 

limit  / 

29 

<i6 

<i3-4 

limit3<jand/ 

30 

<i4 

good 

limit2mag.<tf 

•■1 

174,  130 
16.4,  17.0 

16. 1 

13.38 

good 

32 

31.6,  32.2,28.8 

30.9 

10.95 

Moon,  good 

33 

36.9,  36.5 

36.7 

9-95 

fair 

34 

390,39.9,37.8 

38.9 

9.50 

good 

35 

37.4,37.0 

372 

9.81 

Moon,  poor 

36 

38.9,37.5 

38.2 

9.62 

Moon,  good 

37 

36.0,35.9,37.2 

37-4 

9-79 

good 
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[>ATtt 

■ 
B 

No. 

3 

0 

Com  ia  it  i  son  s. 

Momh 

Day 

Hour 

Julian 
Day 

M 
h 

< 

I*rS 

C,  5,  T. 

G.  M,  T. 

3« 

Nov. 

12 

6 

4606.5 

40 

6 

m  V ,  V  \  C 

39 

tg 

6 

46U*Sj 

40 
150 

6 
6 

€  4  v%  P  t  d 

40 

30 

6 

4624.5 j 

40 
[50 

6 
6 

«  5  i',  f  S  z%  v  d 
qj/.j!  id 

41 

Dec 

7 

7 

4631,5 

150 

6 

c  4  v,  v  d,  v  3  et  v  gt  v  6  j$ 

4- 

13 

6 

4637 ■ 5 

150 

b 

</  5  ^,  v  1  f,  i'  4  g 

43 

i8gg 

.lO 

6 

4&S4 ■ 5 

150 

6 

g  2-3  P,  V  1*2  q 

44 

Jan. 

8 

6 

4663.5 

150 

6 

f  4  V,  f/,  ^U 

45 

M 

b 

4669,5 

150 

& 

/2r± 

46 

Feb. 

IS 

17 

4702.0 

200 

6 

^  4  V,  V   1-2  r 

47 

Mar. 

22 

16 

4736*9 

6 

V  not  seen 

48 

Apr. 

lb 

*5 

476i.q 

ISO 

6 

V  or  «  suspected 

49 

May 

I 

9 

4779.6 

200 

6 

v  not  seen 

50 

29 

9 

-1804  rft 

200 

6 

£'  not  seen" 

St 

June 

7 

9 

4813.6 

150 

0 

v  not  seen 

52 

^4 

9 

4830*6 

ISO 

6 

f  not  seen 

53 

2b 

9 

4832,6 

ISO 

6 

v  not  seen 

54 

July 

6 

10 

4844.7 

150 

6 

v  not  seen 

^ 

1 1 

9 

4847*6 

200 

6 

v  not  seen 

56 

2$ 

9 

4S&5.6 

150 

6 

v  not  seen 

57 

Aug. 

0 

9 

487(3,6 

150 

6 

r  1-2  z't  :[:.'*• 

5* 

12 

9 

■1879.6 

150 

6 

r  2  vfv  l  u 

5$ 

22 

8 

4889.6 

ISO 

6 

q  2-3  v,  z*  O-I  r 

Go 

JO 

q 

4807.6 

ISO 

6 

^  O-i  i',  p  ij  r 

61 

Sept. 

■1 

s 

4902 . 6 

6 

r  2  ft  *  3  tf 

62 

I  I 

a 

4909 -ft 

150 

6 

v  2  #,  d  2 -3  t' 

63 

26 

8 

4924-6 

40 

6 

V  2^,  tr  34  ffj,  tf  4  v 

'M 

Get 

6 

7 

49J4   5 

40 

b 

b  4  t\  v  4  jw,  r1  34  r,  r  1  .v*  9 

7.' 

65 

21 

7 

4949-5 

40 

6 

4  1-2  v,  0  1  Vi  v  5  w,  v  4  J 

66 

28 

7 

4950. j 

40 

M 

£4-5  I/f  0  O-I  l>,  T'  2  /» 

67 

Nuv. 

4 

6 

49b.v5 

40 

6 

^  2-3  X/,  7>  2  flX 

OS 

15 

6 

4974*? 

40 

6 

t'  *,  *  u,  «  4-5  »• 

69 

22 

6 

4981.5 

40 

6 

&  5  p,  ffj  3  vt  f  1-2  P,  P  3  t/ 

70 

27 

7 

4986.5  j 

40 
150 

6 

ft 

j  6-S  v,  c  3-4  zj,  *?  3  vt  v  d 
c  2-3  v,  v  2-3  </ 

6 

1 

40 

6 

r  3  1%  V  2  r/ 

7t 

5 

4994   5  J 

150 

6 

f  v,  f  3  flf 

72 

free. 

TQ 

6 

500S.5 

150 

b 

*/  2  v,  v  4  <?,  p  2  g 

73 

Jan. 

1 

b 

5021.5 

150 

b 

g  1  r,  0  1  *,  v  3  ? 

74 

Feb. 

2.3 

17 

5074.0 

350 

40 

q  5-6  :\  0  3  " 

7? 

Mar. 

22 

15 

5101.9 

350 

40 

7'   /f 

70 

Apr. 

4 

15 

5114    9 

275 

12 

v  4  "± 

77 

6 

H) 

5116.9 

350 

40 

«  6  z%  p  3-4  z,  zx 

78 

May 

2 

15 

5M2.0 

J  50 

40 

x  4  T'f  z  3  */,  i>  2  5,  f  4  < 

79 

11 

13 

51SI.8 

350 

40 

*  5  ^  ^  3  * 

80 

24 

[0 

5H>4*7 

275 

12 

v  not  seen 
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Means 

No. 

Details  in  Steps 

Seeing 

Remarks 

* 

Steps 

Mag. 

38 

37.0,  36.9 

37-0 

9.85 

good 

»f 

34-0,  33-9,  32.8 
33-9,  32.8 

335 

IO.50 

Moon,  good 

40  J 

32.0,30.9,31.8 
31.9,  32.8 

30.2 

II.09 

good 

41 

31.9,31.8,32.2,25.4,33.0 

30.9 

IO.96 

good 

42 

26.8,  30.2,  29.4 

28.8 

II.30 

good 

43 

22.9,  24.5 

23.7 

12.  19 

good 

44 

25.2,28.1,27.4 

26.9 

11.62 

good 

45 

26 

11. 8 

difficult 

46 

19.0,  20.5 

19.8 

12.81 

good 

47 

<I9 

13.0 

limit  r 

48 

<23 

12.3 

limit  q 

49 

<23 

12.3 

low,  good 

50 

<I9 

130 

good,  low 

51 

<I9 

13.0 

good,  low 

52 

<I9 

130 

fair 

53 

<I9 

13.0 

good 

54 

<I9 

13.0 

good 

55 

<i6 

13.4 

good 

56 

<I9 

13.0 

good 

57 

17.5,  17.9 

17.7 

13.15 

good 

58 

17.0,  17.4 

17.2 

13.03 

good 

limit  u 

59 

20.5,  19.5 

2Q.0 

12.80 

fair,  Moon 

limit  v 

60 

22.5,  23.0 

22.8 

12.31 

fair 

limit  r 

61 

23.4,  26.0 

247 

12.00 

limit  1  <  u 

62 

27.4,  28.3 

27.9 

II.48 

Moon,  good 

63 

37-9,  40.5,  33-6 

377 

9-73 

good 

64 

40.3,41.0,39.4,36.6,40.1 

39.5 

9-37 

good 

65 

42.8,  36.6,  42.0,43.1 

41. I 

9.07 

good 

66 

39-8,  37.1,  39-0 

38.6 

9-55 

good 

67 

35.1,39.0,40.9 

38.3 

9.61 

good 

68 

37-0,  36.9,  33-1 

35-7 

10. 12 

good 

69 

32.6,  34.0,  34.4,  34-8 

33-9 

10.42 

good 

-i 

30.6,  32.4,  34.0,  31.8 
33-4,  34-3 

32.8 

10.61 

H 

32.9,  33-8 
3S-9,  34-8 

34-4 

10.33 

good 

72 

29.8,  33.2,  27.4 

301 

11.08 

good 

73 

24.4,  28.0,  26.0 

26. 1 

11.78 

good 

74 

17.5,  19.4 

18.5 

13.00 

Moon,  poor 

75 

16.4 

13.34 

Moon,  fair 

76 

12.4 

13-97 

good 

z  glimpsed 

77 

10.4,  1 1.5 

11 . 1 

14.18 

haze 

78 

3-7,  5-o,  3-5,  40 

4.1 

15. IS 

good 

79 

3-0,  4-5 

3-8 

15.21 

fair,  Moon 

80 

<n 

142 

fair  to  good 

limit  5  <  u 
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Date 

H 

at 

No. 

8 

B 

COMPARISIONS 

Month 

Day 

Hour 

Julian 
Day 

M 

a. 
< 

1900 

C.  S.  T. 

G.  M.  T. 

81 

May 

29 

12 

5169.8 

237 

40 

u  5-6  *,  s  5  v,  v  o",  v  4  € 

82 

June 

6 

10 

5177.7 

350 

40 

v  not  seen 

83 

28 

10 

5199-7 

237 

40 

*  4-5  v9  v  $  «,  v  3  * 

84 

July 

20 

10 

5221.7 

237 

40 

z  1  v,  x  2-3  v,  v  5  8 

85 

Aug. 

2 

9 

5234.6 

460 

40 

v  not  seen 

86 

16 

9 

5248.6  | 

350 
350 

40 
40 

z  \  v,  v  1  x,  v  4  e 
z  v%  v  4  d,  v  6-8  € 

87 

29 

12 

5261.8 

460 

40 

u  6  v,a  4  v,  v  4  z,v  3  x 

88 

Oct. 

4 

9 

5297.6 

237 

40 

v  5-6  ky  v  3  g,  v  3  e,  d  1  v 

89 

10 

7 

5303-5 

150 

6 

v  4  e,  c  4  v 

90 

13 

7 

5306.5 

6 

9i 

17 

8 

12 

92 

26 

6 

5319.5 

150 

6 

v  b  ktv  $  g,  v  4  t,  c2  v 

93 

Nov. 

*3 

6 

5337-5 

40 

6 

™  4-5  v,  c  3  v,  v  5  /,  ^  6  g 

94 

29 

7 

5353-5 

40 

6 

M  $  V,  C  $  V,  v  dt  V  2  g 

95 

Dec. 

11 

6 

5365-5) 

40 
150 

6 
6 

m  8  v,  d  4  v,  v  2  g 
v  1  gt  v  8-10  * 

96 

1901 

29 

8 

5383.6 

150 

6 

^  3  z/,  z/  2-3  k 

97 

Julv 

9 

9 

5575-6 

350 

40 

z  5  v,  v  x 

98 

Nov. 
IQ02 

12 

570i 

350 

40 

v  >  «  or  k 

99 

Mar. 

5 

M 

5814.8 

237 

40 

u  2  VyV  dyV  6-7  z,  g  4  e 

100 

28 

15 

5837.9 

237 

40 

z  2-3  V 

101 

May 

M 

13 

5884.8 

12 

v  <  »  or  k 

102 

Oct. 

5 

10 

6028.7 

s 

12 
12 

v  4-5  « 

103 

Nov. 

30 

7 

6084.5 

24 

104 

Dec. 
1003 
Mar. 

26 

7 

6110.5 

237 

40 

vd  ± 

105 

27  1 

16 

6201 .9 

237 

40 

n  6-8  f,  v  5 17,  w  3-4  « 

100 

Apr. 

3  1 

16 

6208.9 

237 

40 

u  \-2  V 

In   Chandler's    Third  Catalogue   the   provisional   elements  of 
maximum  from  observations  of  1 893-1895,  are  given  as  — 
Maximum  =  1893  August  24  (J.  D.  2412700)  -f  377  E. 

These  elements  fairly  represent  the  above  maxima,  but  the  agree- 
ment is  somewhat  improved  by  placing  the  zero  epoch  thirteen 
days  earlier,  giving  the  elements  — 

Maximum  =  1893  August  11  (J.  D.  2412687)4-377  E. 

The  agreement  with  these  elements  is  shown  by  the  following 
table  : 
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Means 

Details  in  Steps 

Seeing 

Remarks 

Steps 

Mag. 

81 

3.0,     1.5,    4.0 

2.8 

15.37 

fair  to  good 

82 

<I6 

13.4 

haze 

limit  u 

83 

35,    4-0,    4.5 

4-0 

15.20 

good 

84 

7.0,    5.2,    6.5 

6.2 

14.91 

fine 

85 

86  j 

7.0,    8.7,    4.0 
8.0,    5.5,    7.0 

6.7 

14.86 j 

fair 
better 

87 

10.4,  11. 3,  12.0,  10.7 

II. I 

14.17 

good 

88 

32.5,28.4,  32.2,30.8 

31.0 

IO.94 

x  and  z  seen 

89 

332,31.9 

32.6 

10.68 

good 

90 

10.45 

good 

photom.,    6-in. 

9i 

10.31 

good 

photom.,  12-in. 

92 

33.0,28.4,33.2,  33.9 

32.1 

10.75 

good 

93 

32.5.32.9,33-i.3i-4 

32.5 

10.69 

good 

94 

32.0,  30.9,  31.8,  27.4 

30.5 

11.00 

Moon 

«i 

29.0,27.9,27.4 
26.4(36.0) 

27.7 

11.52 

good 

96 

22.4,  29.0 

25.7 

n.83 

Moon 

97 

3-0,    7-7 

5-4 

15.00 

fair 

v  kx  near  limit 

98 

<26 

<  1 1  -8 

99 

14.4,  14.5 

14.5 

13-68 

fair 

100 

5-5 

15.00 

Moon 

101 

v  is  <  n  or  k 

102 

20.9  ( 

<I2 

photometer 

12.76 

103 

10.9 

photograph 

104 

31-8 

10.08 

good 

105 

19.0,  19.9,  19.9 

19.6 

12.87 

good 

106 

14.9 

13.6 

clouds 

> 

Iaxima 

Minima 

i 

Cal. 

Obs. 

oc. 

a 

Cal. 

Obs. 

OC. 

3 
4 
5 
6 

7 

8 

J.  !>• 

3818 
4195 
4572 
4949 
5326 
5703 
6080 

J.D. 

3845 
4220 

4575 
4940 

5315 
6080 

Cal. 

1896,  Oct.  12 

1897,  Oct.  22 

1898,  Oct.  12 

1899,  Oct.    12 

1900,  Oct.  22 

-27 

-25 

-  3 

-  9 

-  9 

0 

3 

4 

'  5 

,   6 

7 

1  8 

9 

J.D. 

3677 
4044 
4421 
4798 
5175 
5552 
5929 

J.D. 

4070 

4433 

4808 

5175 
5545 

Cal. 

1897,  Mav  25 

1898,  May  23 
1890, June     2 

1900,  June     4 

1901,  June     9 

-26 

—  12 

—  10 

0 

—  7 

9 

1902,  Nov.  26 
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The  large  residuals  of  epochs  3  and  4  require  mention.  The 
observations  began  too  late  to  fix  maximum  3  with  precision. 
It  doubtless  took  place  about  twenty  days  earlier ;  in  fact,  the 
calculated  date,  J.  D.  3818,  is  the  mean  of  the  dates  given  by 
Yendell  and  H.  M.  Parkhurst  (Max.  A) .  For  epoch  4  the  curve 
at  maximum  is  not  of  the  usual  shape,  the  difference  accounting 
for  something  like  twenty  days,  and  in  the  right  direction  to 
improve  the  agreement  with  the  ephemeris.  The  residuals  for 
the  remaining  maxima  are  within  the  errors  of  observations. 

I  wish  to  acknowledge  the  assistance  rendered,  as  in  the  work 
on  X  Cephei,  to  Miss  Bloodgood,  and  Messrs.  Ellerman  and 
Sullivan. 

Yerkes  Observatory, 
April  1903 


PECULIARITIES  AND  CHANGES  OF  FRAUNHOFER 
LINES  INTERPRETED  AS  CONSEQUENCES  OF 
ANOMALOUS  DISPERSION  OF  SUNLIGHT  IN  THE 
CORONA.1 

By   W.    H.  Julius. 

Attention  has  been  drawn  to  several  variable  peculiarities 
of  Fraunhofer  lines,  mainly  by  Jewell's  investigations  on  the 
coincidence  of  solar  and  metallic  lines.2  Here  we  do  not  mean 
the  irregularities  occurring  in  the  spectrum  of  spots  or  of  faculae, 
which  relate  to  disturbances  in  comparatively  small  parts  of  the 
Sun,  but  abnormalities  shown  by  average  sunlight,  as  observed 
when  the  slit  is  illuminated  by  a  long  strip  of  an  imperfectly 
focused  solar  image.  In  that  case,  according  to  Doppler's  prin- 
ciple, we  may,  of  course,  expect  displacements  of  the  lines  in 
consequence  of  the  Sun's  rotation,  the  rotation  of  the  Earth,  and 
the  change  in  the  distance  between  Sun  and  Earth  caused  by  the 
eccentricity  of  the  Earth's  orbit.  But  even  when  all  these 
influences  have  been  allowed  for,  some  irregularities  still  remain. 

Indeed,  Jewell  has  observed  that  while  some  Fraunhofer 
lines  exactly  coincide  with  the  emission  lines  in  the  arc  spectrum 
of  elements,  others  do  not,  and  that  the  displacements  are 
unequal  both  for  lines  of  different  elements  and  for  the  various 
lines  of  one  and  the  same  element.  Moreover,  the  shifting  of 
certain  lines  on  one  set  of  photographic  plates  was  sometimes 
found  to  be  different  from  that  on  a  set  of  plates  taken  at 
another  time.  With  several  lines  the  intensity  also  appeared  to 
be  variable. 

Jewell   explains   these  phenomena  on  certain  hypotheses  as  to 

'Communicated  to  the  Roval  Academy  of  Sciences,  Amsterdam,  at  the  meeting 
of  February  28.  I  go.}. 

aL.  E.  Jkwki.i.,  "The  Coincidence  of  Solar  and  Metallic  Lines:  A  Study  of  the 
Appearance  of  Lines  in  the  Spectra  of  the  Electric  Arc  and  the  Sun,"  Astrophysical 
JiU'knal,  3,  89-113,  1806;  "Spectroscopic  Notes:  Absolute  Wave-Lengths,  Spectro- 
scopic Determinations  of  Motions  in  the  Line  of  Sight,  and  Other  Related  Subjects," 
//>/</.,  11.  234-240,  1900. 

50 


ANOMALOUS  DISPERSION  OF  SUNLIGHT  5 1 

density,  pressure,  and  temperature  of  the  absorbing  and  emitting 
gases  in  the  different  layers  of  the  solar  atmosphere,  and  by  vari- 
able ascending  and  descending  velocities  of  matter. 

hale's  abnormal  solar  spectrum. 

Much  greater  irregularities  than  those  mentioned  are  found 
in  an  " abnormal"  solar  spectrum,  lately  described  by  G.  E. 
Hale.1 

This  highly  remarkable  spectrum  was  accidentally  photo- 
graphed as  long  ago  as  February,  1894,  in  a  series  of  exposures, 
made  with  the  sole  intention  of  investigating  the  peculiarities  of 
the  grating.  Only  a  few  months  later  it  was  discovered  that  a 
very  extraordinary  phenomenon  had  been  photographed.  Hale 
hesitated  to  publish  this  accidental  discovery.  Copies  of  the 
plate  were  sent  to  several  spectroscopists  for  examination,  with 
the  request  that  an  explanation  referring  the  phenomenon  to 
some  origin  other  than  solar  be  supplied,  if  possible.  As  no 
such  explanation  was  forthcoming,  the  spectra  were  very  carefully 
measured  and  described. 

On  one  and  the  same  plate  twelve  exposures  had  been  suc- 
cessfully made  in  the  third-order  spectrum  of  a  plane  grating. 
A  solar  image  51  mm.  in  diameter  was  so  adjusted  that  the 
image  of  a  spot  fell  exactly  on  the  slit.  The  length  of  the  slit 
(6.5  mm)  corresponded  to  about  one-eighth  of  the  Sun's 
diameter. 

The  first  exposures  show  the  normal  spectrum  without  any 
considerable  changes.  Then  came  the  disturbance  which  cul- 
minated in  the  eighth  spectrum,  and  in  the  following  four 
decreased  rapidly.  Hale  gives  reproductions  of  four  spectra, 
each  of  them  extending  from  A. 38 12  to  A. 4 132.  No.  1  was  taken 
before  the  disturbance  occurred ;  No.  2  is  the  most  abnormal 
spectrum;  No.  3  is  called  by  Hale  the  "intermediate"  spectrum  ; 
it  was  obtained  a  few  moments  after  the  abnormal  one ;  No.  4 
shows  once  more  the  normal  solar  spectrum,  as  it  was  photo- 
graphed at   another  time  on  another   plate.     Nos.  1,  2,  and   3 

»"SoIar  Research  at  the  Yerkes  Observatory,"  AstrophysIcal  Journal,  16, 
211-233,  1902. 
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show  a  dark  band  throughout  the  whole  spectrum,  corresponding 
to  the  Sun-spot  which  had  been  focused  on  the  slit. 

The  most  prominent  features  of  the  abnormal  spectrum  are : 
i.  The  band  due  to  the  spot  appears  much  fainter  than  in  the 
spectra  photographed  before  and  after  the  disturbance. 

2.  In  the  case  of  several  Fraunhofer  lines  the  intensity  or  the 
width  is  greatly  diminished.  This  is  most  conspicuous  with  the 
broad,  dark  calcium  bands  H  and  K  and  with  the  hydrogen  line 
//S,  these  being  almost  totally  absent  in  the  abnormal  spectrum. 

3.  Other  Fraunhofer  lines,  on  the  contrary,  appear  uncom- 
monly strengthened. 

4.  Many  lines  are  more  or  less  displaced. 

The  same  peculiarities  are  noticed,  though  generally  in  a 
lesser  degree,  in  the  intermediate  spectrum,  so  that  the  latter, 
in  fact,  forms  a  link  between  the  abnormal  and  the  normal 
spectrum. 

This  marvelously  complicated  disturbance  was  not  confined 
to  light  coming  from  a  comparatively  small  part  of  the  solar 
disk,  for  instance  from  the  immediate  surroundings  of  a  spot;  on 
the  contrary,  it  extended  almost  equally  over  the  whole  width 
of  the  spectrum  and  was  therefore  nearly  the  same  for  all  the 
light  which  came  from  a  very  great  area  of  the  Sun. 

The  moments  of  the  twelve  exposures  and  the  exact  date  had 
not  been  recorded ;  but  there  was  sufficient  evidence  that  the 
whole  process  of  the  disturbance  lasted  only  a  very  short  time. 
Hale  calls  the  phenomenon  "a  remarkable  disturbance  of  the 
reversing  layer."  But  is  it  not  almost  impossible  to  imagine  a 
rather  thin  layer  in  the  solar  atmosphere  undergoing  suddenly 
and  simultaneously  over  a  great  part  of  the  Sun  a  change  so 
great  as  to  make  its  absorbing  and  radiating  power  in  some  parts 
of  the  spectrum  for  a  while  nearly  unrecognizable  ? 

It  occurred  to  me,  therefore,  that  the  origin  of  the  phenome- 
non should  be  looked  for  somewhere  on  the  path  of  the  light 
between  the  Sun  and  the  Earth.  If  on  this  path  there  be  media 
causing  anomalous  dispersion,  the  beam  must  show  an  altered 
composition. 
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As  I  formerly  indicated,1  the  properties  of  the  chromospheric 
light  may  be  derived  from  the  supposition  that  this  light  has 
been  separated  from  the  photospheric  light  by  anomalous  dis- 
persion. According  to  this  hypothesis  the  spectrum  of  the 
chromosphere  informs  us  which  are  the  kinds  of  light  that  may 
follow  rather  strongly  curved  paths  in  the  solar  atmosphere.  So 
the  idea  suggested  itself  that  the  same  waves  might  play  a  strik- 
ing part  in  Hale's  abnormal  spectrum. 

In  order  to  investigate  the  question  as  impartially  as  possible, 
I  marked  (before  consulting  Hale's  table  or  a  table  of  chromo- 
spheric line§)  on  the  reproductions  of  the  spectra  in  the  Astro- 
physical  Journal  a  number  of  lines  which  struck  me  as  being 
weakened 'in  the  abnormal  spectrum.  By  means  of  George  Higgs' 
photographic  atlas  of  the  normal  solar  spectrum  the  wave-lengths 
of  the  selected  lines  were  easily  read.  They  are  to  be  found  in  the 
first  column  of  Table  I. 

The  second,  third,  and  fourth  columns  show  the  intensities  of 
these  lines  in  the  normal,  the  intermediate,  and  the  abnormal 
spectrum  as  given  by  Hale  (for  the  normal  spectrum  from  Row- 
land's tables,  for  the  other  two  from  estimates  by  Mr.  Adams). 
Hale  remarks  that  the  intensities  of  the  lines  were  estimated 
independently  for  the  two  disturbed  spectra.2  The  fifth  column 
indicates  the  intensities  of  corresponding  chromospheric  lines  as 
found  by  Lockyer  in  the  spectrum  secured  at  Visiadrug3  during 
the  1898  eclipse;  the  sixth  column  shows  the  absorbing  sub- 
stances. 

Table  II  has  been  prepared  in  a  similar  way;  here  we  find 
the  lines,  which  on  the  reproduction  appeared  to  be  strengthened 
in  the  abnormal  spectrum. 

1  ASTROPHYSICAL  Journal,  12,  185-200;  15,  28-37;  Physikalische  Zeilschrift,  4, 
85-90;    132-136. 

9  In  selecting  the  lines  that  appeared  weakened  in  the  abnormal  spectrum,  I  of 
course  compared  the  three  spectra  together.  That  is  why  in  my  table  some  lines 
occur  whose  intensities  as  estimated  by  Mr.  Adams  are  not  comparatively  low  in  the 
abnormal  spectrum. 

3 Lockyer,  Chrisholm-Batten,  and  Pedlkr,  "Total  Eclipse  of  the  Sun,  Janu- 
ary 22,  1898. —  Observations  at  Visiadrug,"  Phil.  Trans.,  A,  197,  151-227,  1901. 
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TABLE  I. 

LINES  WHOSE  INTENSITY    IS    LESS    IN    THE   ABNORMAL    THAN    IN    THE 
NORMAL  SPECTRUM. 


Intensity 

H 
Z 

H 

Wave -Length 

Normal 

Intermediate    Abno 

rmal 

Chromo- 
sphere 
(Lockyer) 

Remarks 

(Rowland) 

(Hale)            (H. 

lie) 

w 

3871.4 

FeS 

Not  mentioned  in  Hale's 

4 

list,  but  distinctly  weak- 
ened   in     the    abnormal 

3872.6 

4 

3874.09 

4 

9 

2(?) 

/> 

spectrum  on  reproduction . 

3878.47 

22 

25 

3-3 

/>./> 

A  =  3878.15  and 

//{•  38S9.05 
3895.80 

? 

7 

15 
12 

8 
3 

/f 
/> 

A  =  3878.72.    Hale 
mentions  Fe,  Mm. 

3899-30 

5 

4 

2 

V? 

390309 

10 

12 

2-3 

Fe 

3905.66 

12 

20 

2 

Cr,  Si 

3906 . 70 

14 

4 

2 

Fe 

3913.63 

9 

7 

6 

Ti 

39M-49 

7 

8 

5* 

Ti 

*  These  intensities  are 

3916.54 
3920.41 

3 
10 

10*              ] 

4* 
0* 

3 

3 

V 
Fe 

very  probably  estimated 
too  high  when  compared 
with  the  numbers  in  the 

3923-05 

12 

12*              i 

2* 

3 

Fe 

second  column.    Cf.  note 

K      3933-82 

10 

Ca 

2  on  p.  53. 

3944   16 

15 

15*              1 

2* 

5 

Al 

3948.91 

13 

15 

3 

Fe 

3050. 10 

5 

2 

3 

Fe 

3953.02 

17 

15 

Fe,  etc. 

3958.35 

5 

8 

4 

Ti 

}q6i .67 

20 

20 

6 

Al 

H      3968.63 

(700) 

7 

7 

10 

Ca 

J/e   3970.18 

7 

8 

10 

H 

3977.89 

6 

8 

2 

Fe 

3986.90 

6 

8 

30QS.78 

4 

4 

4* 

4 

Ti 

4012.50 

5 

4 

5* 

5-6 

Ti,  etc. 

4033.22 

7 

1 2 

3 

3-4 

Mn,Fe 

4034.64 

6 

10 

3-4 

Mn,Fe 

4045.98 

30 

30 

5 

7 

Fe 

4063.76 

20 

20 

6-7 

Fe 

4071 .01 

1  S 

15 

[S* 

6 

Fe 

4077.88 

8 

10 

7* 

10 

Sr 

JJ6  4102.00 

40 

7 

10 

H 

The  result  is  very  striking.  Weakened  lines  correspond  to 
chromospheric  lines  almost  without  exception;  most  of  the  strengtliened 
lines,  on  the  other  hand,  are  not  to  be  found  in  the  spectrum  of  the 
chromosphere. 

Lockyer  gives  the  strength  of  the  chromospheric  lines  on  a 
scale  such  that  10  indicates  the  strongest  and  I  the  faintest 
lines.     If  we  take  into  account  that  in  his  list  the  greater  part  of 
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TABLE  II. 

LINES    WHOSE    INTENSITY    IS    GREATER    IN    THE    ABNORMAL    THAN    IN 
THE    NORMAL    SPECTRUM. 


Wave- 
length 

Intensity 

s 

Normal 

Intermediate 

Abnormal 

Chromo- 
sphere 

(Lockyer) 

z 

Remarks 

(Rowland) 

(Hale) 

(Hale) 

w 

3921.86 

4 

20 

Zr,  Mn 

3927-77 

25 

? 

393045 

8 

15 

28 

3-4 

Fe 

3937.39 

10 

? 

3940.25 

7 

12 

? 

3950.50 

2 

13 

Y 

3962.29 

3 

II 

Fe? 

3973-77 

6 

15 

2(?) 

NiZrFeCa 

3981.92 

4 

13 

30 

6* 

'li    Fe     '     *  *n  Humphreys'  table 

3992.97 

3 

4 

10 

rr'  ^        ,of    chromospheric     lines 
*■»  cr      1(1901    eclipse)    this    line 

3996.80 

9 

?           Idoes  not  occur. 

4013.90 

8 

12 

15 

li,  Fe    \ 

4014.67 

5 

9 

20 

Fe 

4023.38 

10 

/ 

4033-77 

2 

3 

15 

Mn 

4040.79 

3 

6 

20 

4 

Fe 

4044.09 

5 

20 

15 

Fe 

the  lines  bear  the  numbers  I  and  2,  our  table  shows  us  that  by 
merely  observing  the  abnormal  solar  spectrum  we  have  been  able 
to  pick  out  strong  chromospheric  lines.  This  cannot  be  chance. 
Undoubtedly  both  phenomena — the  weakening  of  Fraunhofer 
lines  in  the  abnormal  spectrum  and  the  origin  of  the  chromo- 
spheric spectrum — are  to  be  explained  in  close  relationship  with 
each  other. 

The  strengthening  of  lines  in  the  abnormal  spectrum  does  not, 
on  the  contrary,  seem  to  be  so  directly  connected  with  the  com- 
position of  the  chromospheric  spectrum. 

If  our  view  be  correct  that  the  chromospheric  light  has  been 
separated  by  strong  ray-curving  from  the  "white"  light  emitted 
by  deeper  layers,  those  special  radiations  must,  as  a  rule,  show 
reduced  intensity  in  the  spectrum  of  the  Sun's  disk. l     Fraun- 

1  It  might  be  thought  that  the  rays  forming  the  chromospheric  light  need  to  be 
absent  only  from  the  spectrum  of  the  edge,  but  not  from  that  of  the  central  portions 
of  the  Sun's  disk.  By  a  simple  consideration  following  from  a  glance  at  Fig.  4  of  my 
paper  read  in  February,  1900  (Astrophysical  Journal,  12.  191 ).  we  see,  however, 
that  the  chromospheric  light  visible  to  us  may  very  well,  in  part,  have  its  origin  even 
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hofer  lines  corresponding  to  chromospheric  lines  will  therefore 
have  a  more  or  less  darkened  background  in  the  ordinary  solar 
spectrum.  The  rate  of  darkening  at  various  distances  from  the 
center  of  an  absorption  line  is,  of  course,  connected  with  the 
shape  of  the  dispersion  curve  near  that  line;  whereas  the  average 
shading  depends  also  (i)  on  the  quantity  of  matter  causing 
anomalous  dispersion  and  (2)  on  the  slopes  and  directions  of 
the  density  gradients  in  the  gases  through  which  the  light  is 
transmitted,  viz.,  on  the  Sun's  "activity. " 1 

We  distinguish,  therefore,  a  twofold  origin  of  the  dark  lines 
in  the  solar  spectrum,  viz.:  real  adsorption  of  those  waves  which 
exactly  correspond  to  the  periods  of  the  media  and  dispersion  of 
the  strongly  deviated2  neighboring  light. 

The  dispersion  will  be  especially  evident  where  extraordinary 
differences  in  the  density  of  the  medium  occur;  in  this  way  the 
widening  of  most  of  the  Fraunhofer  lines  in  the  spectra  of  spots 
mav  be  accounted  for. 

Dispersed  light  has  not,  of  course,  vanished  ;  the  absence  of 
certain  rays  in  the  spectrum  of  a  spot  is  counterbalanced  by  the 
increased  intensity  of  the  same  radiations  in  the  light  coming 
from  the  neighboring  faculae.  Thus  the  distribution  of  the 
density  in  the  solar  gases  may  locally  be  such  that  a  limited  part 
of  the  disk  seems  to  emit  a  considerable  amount  of  rays  with 
abnormally  high  or  abnormally  low  refractive  indices.  In  the 
spectrum  of  this  part  not  only  will  the   Fraunhofer  lines  appear 

in  points  of  the  Sun  which  lie  opposite  to  the  Earth's  direction.  The  chromospheric 
light  reaching  the  Earth  may  proceed  from  any  point  of  Schmidt's  "critical  sphere. " 
For  the  greater  part  it  is  likely  to  come  from  the  back  half  of  the  Sun.  But  then  the 
half  facing  us  furnishes  the  chromospheric  light  which  travels  to  other  regions  of  the 
universe,  and  this  light,  of  course,  is  wanting  in  the  spectrum  of  the  disk.  There  is 
some  reason  for  supposing  that,  on  an  average,  more  chromospheric  light  is  sent  forth 
in  directions  making  great  angles  with  the  Sun's  equator  than  to  the  equatorial 
regions,  including  the  Earth's  orbit. 

xThe  possible  influence  of  the  general  or  regular  ray-curving  (on  Schmidt's 
principle)  on  the  appearance  of  the  spectral  lines  has  in  the  present  paper  been  left 
out  of  consideration.  If  we  were  able  to  observe  or  to  calculate  the  radii  of  the 
"critical  spheres"  for  radiations  undergoing  anomalous  refraction,  it  would  be  pos- 
sible to  estimate  that  influence  ;  but  as  yet  sufficient  data  are  wanting. 

2As'Ik()l'HY>H,AL    JOL'RNAI,  12,    IOI,  IQOO. 
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narrower  and  fainter  than  usually,  but  we  may  even  meet  with 
lines  contrasting  brightly  with  their  surroundings.  These  bright 
lines  will  not  coincide  with  the  corresponding  absorption  lines  ; 
their  average  wave-length  will  in  general  be  greater  or  smaller 
than  that  of  the  absorbed  light,  for,  according  to  the  accidental 
distribution  of  the  density,  we  shall  find  either  the  rays  with  high 
or  those  with  low  refractive  indices  most  prominent  in  the  beam. 

The  above  considerations  suggest  an  explanation  of  Hale's 
abnormal  spectrum.  In  fact,  the  lines  showing  especially  faint 
in  this  spectrum  were  exactly  those  which  cause  strong 
anomalous  dispersion  —  witness  the  chromospheric  spectrum. 
With  H,  K,  H8,  and  some  iron  lines  it  is  very  evident  that  the 
abnormal  faintness  refers  mainly  to  the  broad  dark  shadings  of 
the  lines,  *.  e.t  those  parts  whose  darkness  in  the  normal 
spectrum  we  attributed,  not  to  absorption,  but  to  dispersion. 
Moreover,  the  dark  band  due  to  the  spot  has  nearly  disappeared. 
This  means  that  waves,  which  in  normal  circumstances  are 
wanting  in  the  spot  spectrum  on  account  of  their  strong 
dispersion,  at  the  time  of  the  disturbance  had  been  gathered 
again  into  the  beam,  reaching  the  instrument.  How  all  this 
may  happen  will  become  evident  as  soon  as  we  shall  be  able  to 
establish  a  plausible  cause  by  which,  within  an  angular  space 
great  enough  to  include  a  considerable  part  of  the  solar  disk, 
the  strongly  dispersed  rays  might  be  gathered  again. 

It  is  not  necessary  to  introduce  a  new  hypothesis  for  the 
purpose.  The  same  idea  about  the  Sun's  constitution  which 
enabled  us  to  explain  the  properties  of  the  chromosphere  and 
the  prominences1  furnishes  us  once  more  with  the  required  data. 
Indeed,  if  (according  to  Schmidt's  theory)  the  Sun  is  an  unlimited 
mass  of  gas,  surfaces  of  discontinuity  must  exist  similar  to  those 
whose  general  feature  has  been  determined  by  Emden2  for  a 
sharply  outlined  radiating  and  rotating  Sun.  These  surfaces 
must  extend  to  the  remotest  parts  of  the  gaseous  body  —  a  con- 
clusion in  excellent  harmony  with  the  visible  structure  of  the 
corona.  For  along  the  surfaces  of  discontinuity  waves  and 
whirls  are  formed;  the  core-lines  of  the  vortices  nearly  coincide 

1  Physikalische  Ztitschrift,  4,  85-90.      a  Astrophysical  Journal,  15,  3S-50,  iqoi. 
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with  the  generatrices  of  the  surfaces  of  revolution,  and  in  these 
cores  the  density  is  a  minimum.  This  may  account  for  the 
streaky  appearance  shown  more  or  less  distinctly  in  all  good 
photographs  and  drawings  of  the  corona. 

This  particular  appearance  may  have  another  cause,  however,. 
but  for  what  follows  this  is  immaterial.  We  only  assume  that 
the  density  of  the  coronal  matter  varies  in  such  a  way  as  to 
correspond  to  the  striped  structure  visible  at  the  time  of  a  total 
eclipse  of  the  Sun. 

A  coronal  streamer  which  at  a  given  moment  runs  exactly  in 
the  direction  of  the  Earth  may  be  very  roughly  compared,  then, 
to  a  bundle  of  glass  tubes  through  which  we  are  looking  length- 
wise. Such  a  structure  will  gather  and  conduct  rays  of  various 
directions,  entering  it  at  one  end.  This  takes  place  also  if  the 
parts  with  the  greater  and  those  with  the  smaller  optical  density 
do  not  alternate  abruptly,  but  gradually. 

In  Fig.  i  the  optical  density  of  the  matter  may  be  represented 
by  the  compactness  of  the  streaking.  A  ray  for  which  the 
medium  has  a  large  positive  refraction  constant  would,  for 
instance,  follow  the  path  AA\  curving  round  the  denser  parts 
of  the  structure;  a  ray  BB\  for  which  the  medium  possesses 
a  large  negative  refraction  constant,  would  move  in  a  similar 
way  through  the  more  rarefied  regions.  On  the  other  hand,  the 
light  CC  for  which  the  constant  exactly  equals  zero  is  not 
influenced  by  the  fluctuations  of  the  density;  and  if  for  some 
kind  of  light  the  refraction  constant  is  very  nearly  zero,  the  ray 
would  have  to  travel  a  long  way  almost  parallel  to  the  structure 
before  its  curving  would  be  perceptible. 

Now  the  corona  sometimes  shows  exceedingly  long,  pointed 
streamers.  We  only  have  to  suppose  tliat  tlie  Earth  zvas  exactly 
in  the  direction  of  such  a  streamer  at  the  moment  the  abnormal  spec- 
trum  was  photographed ;  then  all  the  irregularities  observed  in  this 
spectrum  become  clear.  Light  under  normal  circumstances 
absent  from  the  solar  spectrum  through  strong  dispersion  has 
been  collected  by  the  coronal  streamer;  hence  the  weakening  of 
the  Fraunhofer  lines,  especially,  also,  of  those  in  the  spectrum 
of   the   spot.      As   the  abnormalities  were   caused   by  a   peculiar 
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distribution  of  matter  in  the  vast  regions  of  the  corona  lying 
between  the  source  of  light  and  the  Earth  (and  not  by  disturb- 
ances in  a  relatively  thin  " reversing  layer"),  they  could  appear 
in  the  same  way  over  a  great  part  of  the  Sun's  disk.  The  rarity 
of  the  phenomenon  is  the  result  of  the  slight  chance  we  have  to 
take  a  photograph  at  the  very  moment 
on  which  an  uncommonly  long  coronal 
streamer  is  projected  exactly  on  the  part 
of  the  Sun's  disk  illuminating  the  slit ; 
finally,  the  short  duration  is  a  consequence 
of  the  Earth's  orbital  motion,  and  proba- 
bly of  the  rotation  of  the  corona. 

As  we  have  mentioned  before,  no 
chromospheric  lines  correspond,  in  gen- 
eral, to  those  lines  appearing  extraordi- 
narily strong  in  the  abnormal  spectrum. 
How  are  we  to  account  for  the  strength- 
ening of  these  lines  ? 

We  might  be  tempted  to  think  of 
absorption  in  the  corona  ;  for  if  it  be  true 
that  a  streamer  was  turned  toward  the 
Earth,  the  rays  had  to  go  an  uncom- 
monly long  way  through  an  absorbing 
medium.     But  on  closer  examination  this  idea  is  less  probable. 

The  particles  of  the  extremely  rarefied  coronal  gases  will 
hardly  influence  each  other;  their  periods  will,  therefore,  be 
almost  absolutely  constant,  so  as  to  cause  very  sharp,  narrow 
absorption  lines.  Thus  it  is  difficult  to  understand  how  an 
absorption  line  already  present  in  the  normal  solar  spectrum 
might  be  strengthened  by  the  absorbing  power  of  the  corona. 
Further,  in  studying  Hale's  table,  wc  observe  that  many  lines 
which  are  strong  in  the  abnormal  spectrum  show  a  much  smaller 
intensity  in  the  intermediate  spectrum  (taken  only  a  few  moments 
later);  while  the  reverse  happens  as  well,  viz.,  that  lines  are 
strong  in  the  intermediate  and  very  weak  in  the  abnormal  spec- 
trum. This  hardly  fits  in  with  the  absorption  hypothesis. 
Some  lines  showing  this  peculiarity  are  given  in  Table  III  : 


Fir.,   i. 
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TABLE  III. 


LINES    WHOSE    INTENSITY    IS    VERY  DIFFERENT    IN    THE    INTERMEDI- 
ATE AND    THE    ABNORMAL    SPECTRUM. 


Intensity 

Elements 

Wave-Length 

Normal 

Interme- 

Abnor- 

Chromo- 

Remarks 

(Row- 
land) 

diate 

mal 

sphere 

(Hale) 

(Hale) 

(Lockyer) 

3905.66 

12 

20 

2 

Cr,  Si 

3905.81 

21 

20 

Si 

3921.71 

9 

14 

TifLat  ZryMn 

3921.87 

4 

20 

Zr,  Mn 

3950  33 

10 

? 

3950.51 

2 

13 

Y 

3972.30 

2 

12 

Ni 

3972.61 

2 

12 

? 

4005.86 

3 

25 

5 

? 

4057.39 

4 

15 

1-2 

Co,  Ft 

4957.66 

7 

10 

? 

In  the  chromospheric  spectrum  corresponding  lines  seem  to 
be  wanting  (at  \  3905.66  and  \  4057.39  the  faint  chromospheric 
line  may  possibly  belong  to  another  element  than  the  abnor- 
mally strengthened  absorption  line). 

To  arrive  at  a  more  satisfactory  explanation  of  the  strength- 
ening phenomenon,  we  suppose  that  these  absorption  lines  do 
indeed  cause  anomalous  dispersion  of  neighboring  waves,  but  in 
a  very  slight  degree.  Then,  the  refractive  indices  of  the  neigh- 
boring waves  differing  but  little  from  unity,  the  direction  of  those 
rays  will  be  perceptibly  changed  only  after  they  have  traveled  a 
very  long  way  through  the  corona  and  almost  parallel  to  its 
structure  lines.  Whereas  the  strongly  refracted  rays,  entering 
the  coronal  streamer  in  various  directions,  were  obliged  to  fol- 
low the  structure  lines,  curving  about  them,  and  so  in  a  sense 
were  concentrated  on  the  Earth,  it  may  happen  with  the  very 
slightly  curved  rays  we  are  now  considering  that  they  have  been 
bent,  for  instance,  onlv  once  over  the  whole  length  of  the 
streamer  and  continue  their  way  in  a  direction  not  meeting  the 
observing  station.  The  divergence  of  abeam  consisting  of  these 
rays  will  have  increased,  the  intensity  diminished.  Thus  the 
resultant  spreading  of  neighboring  light  causes  the  absorption 
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line  to  appear  somewhat  widened,  and  therefore  strengthened. 
But  obviously  it  must  be  possible,  too,  that  after  a  short  time, 
under  the  influence  of  another  part  of  the  corona,  circumstances 
assist  that  slightly  curved  light  to  reach  the  observer.  In  that 
case  the  absorption  line  is  weak  again.  (Similar  alternations,  of 
course,  also  occur  with  the  more  strongly  refracted  rays,  and  that 
in  quicker  succession ;  but  this  does  not  alter  the  fact  of  their 
average  intensity  appearing  increased  as  long  as  the  structure 
lines  of  the  coronal  streamer  are  turned  toward  the  spectro- 
scope. For  a  detailed  discussion  of  this  case  see  the  note  at  the 
end  of  this  paper.) 

In  both  abnormal  spectra  a  number  of  absorption  lines  are 
more  or  less  displaced.  Perhaps  this  is  partly  due  to  motion  in 
the  line  of  sight,  but  after  the  foregoing  it  will  not  be  necessary 
to  explain  in  detail  that  anomalous  dispersion  also  can  account 
for  this  phenomenon.  Dissymmetric  form  of  the  dispersion 
curve  as  well  as  a  peculiar  distribution  of  the  density  of  the 
coronal  matter  may  unequally  affect  the  intensity  of  the  light 
on  both  sides  of  the  absorption  line,  and  thus  bring  about  a  seem- 
ing displacement  of  the  line. 

CERTAIN    PECULIARITIES    OF    LINES    IN    THE    NORMAL    SOLAR 
SPECTRUM. 

If  we  have  been  right  in  connecting  the  uncommonly  great 
abnormalities  in  Hale's  spectrum  with  a  very  particular  position 
of  the  Earth  with  respect  to  the  corona,  it  rs  to  be  expected  that 
similar  irregularities,  though  in  less  degree,  will  continually  be 
found,  as  the  sunlight  always  reaches  us  through  the  corona. 

According  to  Jewell's  above-mentioned  investigations,  this 
supposition  proves  to  be  well  founded.  Many  solar  lines  have 
varying  intensities  and  positions,  so  that  Jewell  deems  them  unfit 
for  standards  for  very  accurate  determinations  of  wave-lengths. 
And  these  are  for  the  greater  part  the  most  prominent  lines  of  the 
spectrum,  especially  the  shaded  ones.1 

Jewell  emphasizes  the  fact  that  all  distinctly  shaded  lines  in 
the  solar  spectrum  show  to  a  greater  or  less  degree  the  following 

1  ASTROPHYSICAL  JOURNAL,  II,    236,  I9OO. 
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typical  feature:1  With  abroad,  shaded,  moderately  dark  back- 
ground a  much  darker  central  absorption  line  contrasts  rather 
sharply  (Fig.  2).  Besides,  the  absorption  curve  often  shows 
depressions  close  to  the  central  line,  as  in  Fig.  3,  sometimes 
symmetrical,    sometimes    dissymmetrical.      Jewell   affirms    that 

this  is  not  an  optical  delusion,  due  to 
contrast,  but  a  real  phenomenon.  He 
assumes,  therefore,  that  the  broad 
absorption  band  is  produced  in  the 
lower  portions  of  the  solar  atmosphere 
and  under  a  great  range  of  pressure  ; 
that  in  higher  levels  radiation  prevails 
again,  producing  a  rather  wide  emis- 
sion line  ;  and  that  finally  in  the  high- 
est parts,  where  the  pressure  is  very 
much  less,  the  sharp  absorption  line  is 
produced.  The  position  of  this  central 
absorption  line  with  respect  to  the  emis- 
sion line  is  usually  unsymmetrical, 
which  is  conspicuous  in  the  case  of  H  and  K.  The  central 
line  itself  also  varies  somewhat  in  width  upon  different  plates, 
and  its  maximum  of  intensity  is  not  always  in  the  middle  of 
the  line.  The  displacement  of  this  central  line  in  H  and  K 
varies  in  magnitude,  but,  so  far  as  has  been  observed,  always 
toward  the  red  with  respect  to  the  emission  line  and  the  corres- 
ponding metallic  line  (in  the  arc).  Jewell  concludes  that  the 
absorbing  calcium  vapor  descends  all  over  the  solar  surface 
with  a  velocity  sometimes  amounting  to  about  seventy-five  miles 
per  minute. 

Upon  the  same  plates  showing  strong  dissymmetry  in  H  and 
K  the  shaded  lines  of  other  elements  (Fe,  Al,  Mg,  Si)  have 
been  examined.  The  strongest  iron  lines  and  one  aluminum  line 
showed  displacements  of  the  same  character  as  that  observed 
in  the  case  of  H  and  K,  but  to  a  much  smaller  degree,  and 
sometimes  toward  the  violet,  sometimes  toward  the  red.     Certain 
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shaded  lines  of  Mg  and  Si,  on  the  contrary,  showed  no  evidence 
of  a  displacement,  nor  did  the  iron  lines  without  considerable 
shading,  the  faint  calcium  line  at  X  3949,056,  and  many  other 
lines. 

If  we  admit  no  other  explanation  of  line-shifting  and  widen- 
ing besides  those  based  on  Doppler's  principle  and  on  the  effect 
of  pressure  and  temperature,  we  arrive  at  very  strange  conclu- 
sions with  regard  to  the  condition  of  the  elements  in  the  solar 
atmosphere.  Not  less  surprising,  as  noticed  by  Jewell,1  is  the 
small  amount  of  the  absorption  in  the  shaded  parts  of  the  lines, 
when  we  consider  the  enormous  depth  of  the  solar  atmosphere 
and  the  high  pressure  which  must  exist  in  the  absorbing  layers 
for  them  to  produce  a  broad  absorption  band. 

By  making  various  suppositions  concerning  the  condition  of 
the  gases  in  the  solar  atmosphere,  Jewell  succeeds  in  finding  an 
interpretation  of  most  of  these  astonishing  facts.  But  it  must  be 
granted  that  his  explanations  include  a  greater  number  of 
arbitrary  and  mutually  independent  hypotheses  than  is  the  case 
with  our  explanations,  founded  as  they  are  on  selective  ray- 
curving  and  readily  deduced  from  that  principle  for  each  separate 
phenomenon,  without  introducing  new  suppositions. 

Only  the  dark  central  lines  of  the  Fraunhofer  lines  are  to  be 
ascribed,  in  our  theory,  to  real  absorption.  Their  shaded  back- 
ground of  varying  intensity  we  consider  as  an  effect  of 
anomalous  dispersion  of  the  not  absorbed  neighboring  waves. 
This  selective  scattering  will  be  strongest  in  those  places  where 
the  density-gradients  are  relatively  steep,  viz.,  in  whirls  in  the 
deeper  regions  of  the  gaseous  body.  But  some  of  the  widely 
dispersed  rays  may  be  gathered  by  the  corona  owing  to  its 
"tubular"  structure,  and  be  conducted  along  its  greater  or 
smaller  streamers.  This  will  especially  apply  to  the  most 
strongly  refracted  waves,  whose  position  in  the  spectrum  is  very 
close  to  the  real  absorption  lines  ;  thus  pseudo-emission  lines  are 
produced  in  about  the  middle  of  the  pseudo-absorption  bands.2 

'Astrophysical  Journal,  3,  106,  1896. 

a  A  most  remarkable  fact  is  that  the  shading  of  H,  K,  the  iron  line  X3720.0S6  and 
of  some  other  strong  shaded  lines  is  sometimes  partially  broken  up  in  a  series  of  faint 
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Probably  Hale's  abnormal  spectrum  has  shown  us  a  case 
where  these  seeming  emission  bands  acquired  an  uncommon 
extent.  We  may  therefore  expect  that  a  systematical  investiga- 
tion of  solar  spectra,  photographed  at  different  times,  will  afford 
all  kinds  of  intermediate  cases. 

It  would  be  desirable,  for  the  moments  when  the  photographs 
are  taken,  to  know  the  form  and  position  of  the  coronal  streamers 
directed  toward  the  Earth.  At  all  events  the  actual  phase  of  the 
Sun-spot  period,  with  which  the  shape  of  the  corona  seems  to  be 
connected,  should  be  taken  into  consideration  ;  and  perhaps  the 
simultaneous  observation  of  the  photospheric  reticulation  discov- 
ered by  Janssen  may  procure  some  evidence  concerning  the 
position  of  coronal  streamers,  and  thus  contribute  to  our  knowl- 
edge of  their  influence  on  the  Fraunhofer  spectrum. 

Utrecht,  April  7,  1903. 

nebulous  lines,  symmetrically  situated  about  the  central  line  (Jewell,  Astrophysical 
Journal.  3,  108,  1896).  It  might  have  been  predicted  by  our  theory  that  we  should  meet 
with  this  phenomenon.  Let  us  consider  a  beam  of  light  of  an  exactly  defined  wave- 
length belonging  to  the  shaded  background  of  an  absorption  line.  This  beam  leaves 
the  deeper  layers  of  the  Sun  with  a  certain  divergence.  As  it  passes  along  a  "tube"  of 
the  corona,  its  divergence  will  alternately  diminish  and  increase,  and  on  reaching  the 
Earth  it  shows  in  the  spectrum  an  intensity  depending  on  the  divergence  (or,  per- 
haps, convergence)  with  which  it  has  left  the  last  traces  of  the  corona.  For  a  beam 
of  light  whose  wave-length  is  only  slightly  nearer  to  that  of  the  absorption  line,  the 
medium  will  have  a  considerably  greater  refraction-constant,  so  that  the  rays  of  this 
beam  on  their  way  through  the  corona  may  make  part  of  a  bend  more  than  the 
former  ones.  The  beam  may  therefore  arrive  with  a  quite  different  degree  of  diver- 
gence, and,  consequently,  of  intensity.  Thus,  proceeding  toward  the  absorption  line 
from  either  side,  we  easily  see  that  we  must  meet  with  a  periodically  changing  inten- 
sity. Rays  corresponding  to  the  middle  of  one  of  the  fringes  so  formed  will  have 
made  one  full  bend  more  or  less  than  the  rays  belonging  to  the  middle  of  the  next 
fringes. 

If  this  interpretation  be  correct,  the  width  and  the  number  of  fringes  visible 
must  prove  to  be  variable.  So  far  as  I  know,  the  observations  made  on  this  point  are 
nut  numerous.  I  trust  that  the  proposed  views  may  serve  to  further  the  investigation 
of  this  interesting  phenomenon. 


THE  WAVE-LENGTHS  OF  THE  SILICON  LINES  X4128 
AND  X4131  AND  OF  THE  CARBON  LINE  X4267. 

By  J.  Hart mann. 

Supplementing  my  recent  determination1  of  the  wave-length 
of  the  magnesium  line  X4481,  I  should  like  to  communicate  my 
measurements  on  three  other  lines  which,  like  the  magnesium  line, 
occur  as  well-measurable  lines  in  stellar  spectra  of  the  first  type, 
although  hitherto  their  very  diffuse  character  has  not  permitted 
an  accurate  laboratory  determination  of  their  wave  lengths. 

The  lines  at  X4128  and  X4131  are  among  the  strongest  in  the 
spark  spectrum  of  silicon.  I  will  here  mention  only  the  follow- 
ing of  the  earlier  determinations  of  their  wave-lengths: 

Eder  and  Valenta  (Denkschriften  d.  Wiener  A  had.*  60, 

260,  1893) 4128.5         4I3I-5 

Lockyer  {Proc.  R.  S.t  61,  443,  1897)    -  4128.6         4131.4 

Exner  and  Haschek  (Astrophysical  Journal,  12,  49, 

1900) 4128. 1         4131.0 

It  may  readily  be  seen  from  the  great  difference  in  the  above 
values  how  uncertain  the  wave-lengths  of  these  lines  have  been 
hitherto  on  account  of  their  diffuseness.  Like  the  magnesium 
line,  however,  they  may  be  obtained  as  perfectly  sharp  lines  if 
the  pressure  of  the  luminous  vapor  is  greatly  reduced.  In  col- 
laboration with  Dr.  Eberhard  I  have  accordingly  made  with 
Spectrograph  III  a  number  of  photographs  of  the  spectrum  of 
Geissler  tubes  containing  silicon  tetrafluoride  under  low  pressure. 
Basing  the  determinations  upon  Kayser's  wave-length  of  the 
three  iron  lines  at  X41 18.709,  4 1 32.2 17,3  and  4144.033, 1  obtained 
the  following  wave-length  of  the  silicon  lines: 

Plate  III:  528,530     -         -         -  4128.205         4131.038 

531  -  .201  .036 

532  ....  .207  .042 

533  -         -        -         -  .203  .042 


Mean     -         -         -     4128.204  4131.040 

*Physikalische  Zcitsehrift,  4,  427,  1903. 

a  In  the  original  the  wave-length  is  given  by  mistake  as  4126.5. 
3  Communicated  by  Professor  Kayser  in  a  letter. 
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The  line  at  4267  appears  very  strong  and  diffuse  in  the  spark 
spectrum  of  carbon.     The  most  important  earlier  determinations 
of  its  wave-length  are  as  follows : 
Angstrom  and  Thal£n  {Nova  Act.  Soc.  Upsala,  1875)     "         *         "     4266.0 

Hartley  and  Adeney  {Phil.  Trans.,  1884  ) 4266.3 

Eder  and  Valenta  {Denkschriften  d.  Wiener  Akad.,  1893)       -         -     4267.5 

Deslandres  {Comptes  rendus,  1895) 4267.0 

Exner  and  Haschek  {Sitzungsberichte  d.  Wiener  Akad. t  1897)        -     4267.10 

This  wave-length  was  accordingly  hitherto  quite  inaccurate. 

The  line  may  be  obtained  sharp,  if  powerful  spark  discharges 
(with  condenser  and  spark-gap)  are  passed  through  a  Geissler 
tube  containing  a  carbon  compound  at  low  pressure.  In  this 
way,  using  a  cyanogen  tube,  I  made  the  following  two  determi- 
nations of  the  wave-length  of  this  line  some  time  ago. 

Plate  III :  495 4267.304 

496        ....  .298 


Mean  -         -         -     4267.301 

This  value  is  also  referred  to  Kayser's  standards. 

Even  in  a  vacuum  the  line  always  remains  rather  broad,  and 
it  gives  the  impression  of  duplicity,  the  components  not  being 
resolvable  with  the  dispersion  employed.  The  determination  of 
the  wave-length  is  therefore  somewhat  uncertain. 

Potsdam, 
April  13,  1903. 


SOME  MISCELLANEOUS   RADIAL  VELOCITY  DETER- 
MINATIONS WITH  THE   BRUCE  SPECTROGRAPH. 

By   Walter    S.    Adams. 
THE    RADIAL    VELOCITIES    OF   THE    TWO    COMPONENTS    OF    6 1     CYGNI. 

The  recent  adaptation  of  the  Bruce  spectrograph  for  use  with 
one  prism  has  made  possible  a  determination  of  the  radial  veloci- 
ties of  the  two  stars  composing  61  Cygni  which  is  of  interest 
because  of  its  important  bearing  upon  the  question  of  the  physi- 
cal connection  and  relative  parallax  of  this  celebrated  pair.  The 
spectrograms  obtained  are  as  follows: 

61  x  CYGNI. 


Plate 


Date 


B387 
DB1  25 
DB'  36 


1902,  August  11 

1903,  May       17 
June        6 


No.  of  Lines       Velocity 


17       I  —  6^  km 
13       '       bi 
17  63 


Mean 
62  a  CYGNI. 


-62  km 


Plate 

Date 

No.  of  Lines 

Velocity 

C    13 
DB1  10 
DB1  32 

1903,  January  q 
May    '    7 
June        5 

9 
16 

—  0  >  k  m 
01 

Mean 


—  63  km 


Plate  B  387  was  taken  with  the  regular  three-prism  train  and 
the  24-inch  camera;  plate  C  13,  with  the  same  prism  train  and  a 
10.5-inch  camera;  the  remainder  of  the  plates,  with  a  single 
prism  and  the  24-inch  camera. 

The  degree  of  accuracy  attained  is  probably  somewhat  higher 
in  the  case  of  6 11.  The  error  of  the  mean  should,  however,  in 
neither  case  exceed  about  3  km.  A  value  of  —  54  km  was 
obtained  for  611  Cygni  by  Belopolsky  at  Pulkowa  in  1895,  based 
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upon  the  measurement  of  five  lines  on  each  of  two  plates.  This 
constitutes  the  only  previously  published  determination  for  either 
of  the  stars. 

The  agreement  of  the  radial  velocities  of  the  two  components, 
when  considered  in  connection  with  their  similar  proper  motions, 
would  seem  to  indicate  that  the  stars  are  unquestionably  physi- 
cally connected.  Their  real  motion  in  reference  to  the  Sun, 
under  the  assumption  of  a  parallax  of  of 4  and  a  proper  motion 
of  5  .'2,  would  be  about  80  km,  or  in  space,  when  corrected  for 
the  solar  motion,  about  64  km. 


THE    RADIAL    VELOCITY    OF    6  URSAE  MAJORIS. 

The  bright  star  e  Ursae  Majoris  was  included  in  the  list  of 
stars  whose  radial  velocities  were  determined  by  Vogel  and 
Scheiner  at  Potsdam  in  1889-90.  The  mean  of  their  values  is 
—  30.4  km  for  the  epoch  1889.39.  A  plate  obtained  with  the 
Bruce  spectrograph  in  April  1902  gave  a  value  of  —8  km. 
While  the  spectrum  of  this  star  is  of  the  Ia2  type  of  Vogel's 
classification  with  faint  and  broad  metallic  lines  whose  accurate 
measurement  is  difficult,  a  discrepancy  of  this  amount  is  too 
large  to  be  accounted  for  in  such  a  way,  and  is  not  encountered 
among  other  stars  of  the  Potsdam  list  having  similar  spectra. 
Accordingly  the  star  was  placed  upon  the  observing  list,  and  the 
following  plates  were  obtained: 


Plate 

Date 

No.  of  Lines 

Velocity 

B  339 

1902,  April    30 

10 

-8  km 

»  344 

M  ay     1 4 

8 

8 

B  364    ' 

June     20 

9 

8 

A  357 

July      23 

7 

8 

H  479 

Dec.     31 

12 

11 

\\  496 

1903,  March  24 

16 

10 

A  422 

April      2 

13 

10 

A  431 

April      8 

13 

10 

A  440 

April    16 

12 

11 

Mean 


—9.4  km 


The  accordance  of  these  measures  is  entirely  satisfactory  for 
a  star  with  this  type  of  spectrum,  and  it  would  appear  that  no 
appreciable  change  has  taken  place  in  the  star's  radial  velocity 
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during  the  interval  of  a  year  covered  by  the  observations.  The 
difference  as  compared  with  the  Potsdam  results  consequently  is 
not  accounted  for,  but  it  seems  quite  possible  that  we  may  here 
be  dealing  with  a  spectroscopic  binary  of  much  longer  period 
than  any  met  with  hitherto. 

THE    VARIABLE    VELOCITY    OF    £    SCORPII    IN     THE     LINE     OF     SIGHT. 

Four  spectrograms  give  the  following  values  of  the  radial 
velocity  of  this  bright  star : 


Plate 

Date 

No.  of  Lines 

Velocity 

B  327 

A  439 

DBJ    29 

DB1    42 

1902,  April  16 

1903,  April  16 
June      5 
June    12 

7 
4 

5 
4 

—    9  km 
+  19 
—99 
-97 

The  spectrum  is  of  the  Orion  type,  but  all  the  lines  are 
exceedingly  broad,  and  the  measures  are  uncertain  to  the  extent 
of  several  kilometers.  The  use  of  low  dispersion  in  photograph- 
ing the  spectrum  of  this  star  has  proved  of  decided  advantage, 
the  gain  in  narrowness  of  the  lines  more  than  counteracting  the 
effect  of  the  reduced  scale. 

THE    VARIABLE    VELOCITY    OF    €    HERCULIS    IN    THE    LINE    OF    SIGHT. 

The  spectrum  of  this  star  appears  to  be  composite,  and  its 
variations  will  be  made  the  subject  of  further  investigation. 
Three  spectrograms  furnish  the  following  velocity  for  the  star 
which  gives  the  stronger  lines,  the  spectrum   being   of    the  Ia2 

type :  


Plate 

Date 

No.  of  Lines 

Velocity 

A  449 
DB1    17 
DB'    33 

1903,  April  30     1         4 
May      7              4 
June      6             8 

-58  km 

-43 
—  22 

These  measures  are  to  be  regarded  as  preliminary  and  may  be 
changed  considerably  in  a  further  discussion  of  the  star's  motion. 

Yerkes  Observatory, 
June  15,  1903. 
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A  PHOTOGRAPHIC  MAP  OF  THE  ENTIRE  SKY.1 

The  collection  of  photographs  at  the  Harvard  College  Observatory 
contains,  in  addition  to  the  plates  taken  with  the  larger  instruments, 
numerous  photographs  taken  with  two  small  anastigmatic  lenses,  each 
having  an  aperture  of  one  inch,  and  a  focal  length  of  about  thirteen 
inches.  A  region  of  more  than  thirty  degrees  square  is  covered  by  a 
single  eight  by  ten  inch  plate.  With  exposures  of  one  hour,  stars  as 
faint  as  the  twelfth  magnitude  are,  in  some  cases,  obtained.  Owing  to 
the  scale  of  the  plates,  identification  of  the  individual  stars  would 
become  difficult  if,  by  using  longer  exposures,  the  number  of  stars  were 
increased.  One  of  these  lenses  is  mounted  at  Cambridge,  and  is  used 
principally  for  the  northern  stars.  The  other  is  similarly  used  for  the 
southern  stars  at  Arequipa.  At  each  station  two  sets  of  photographs 
have  been  taken,  the  first  having  centers  in  declinations  o°,  300,  6o°, 
and  900,  and  the  second  in  declinations  150,  450,  and  750,  the  cen- 
ters of  the  second  set  coinciding  as  nearly  as  possible  with  the  corners 
of  the  first.  An  attempt  is  made  to  cover  all  parts  of  the  sky,  not  too 
near  the  Sun,  at  least  twice  each  month,  once  with  each  set.  These 
photographs  have  proved  unexpectedly  useful  here  for  determining 
the  past  as  well  as  the  present  changes  in  light  of  variable  stars,  new 
stars,  and  similar  objects.  (See  Circular  No.  69,  and  elsewhere.)  Of 
course,  the  small  scale  diminishes  their  value  for  measuring  positions, 
although  the  minuteness  of  the  images  in  part  compensates  for  this 
difficulty. 

The  amount  of  useful  material  contained  in  these  plates  is  so 
great  that  we  are  able  to  extract  but  a  small  portion  of  it,  although  an 
appropriation  from  the  Carnegie  Institution  has,  this  year,  permitted 
a  great  increase  to  be  made.  Various  plans  have  been  considered  for 
placing  copies  of  the  photographs  thus  collected  within  the  reach  of 
astronomers.  It  was  at  first  proposed  to  print  a  series  of  engravings 
on  the  same  scale  as  the  charts  of  the  Durchmusterung.  Numerous 
difficulties  presented  themselves,  especially  if  an  attempt  was  made  to 
engrave   the    parallels  and   meridians  upon    the    charts.     The  defects 

1  Harvard  College  Observatory  Circular  No.  7 1. 
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introduced  by  paper  and  ink  are  very  troublesome,  and  are  likely  to 
differ  in  different  copies.  The  variation  in  intensity  of  images  which 
can  be  represented  on  paper  is  small  compared  with  that  on  glass, 
and,  finally,  the  expense  would  be  large.  The  advantages  of  glass 
negatives  are  very  great,  especially  to  one  accustomed  to  use  them. 
They  can  be  reproduced  by  contact  printing  so  as  to  give  results  but 
slightly  inferior  to  the  original.  A  single  contact  print,  forming  a 
positive,  with  bright  stars  on  a  dark  background,  although  more 
nearly  resembling  the  sky  itself,  does  not  prove  convenient  in  actual 
use.  It  cannot  be  superposed  upon  another  positive,  nor  upon  a  paper 
map.  A  double  contact  print,  however,  furnishes  a  negative  which 
is  for  some  purposes  nearly  as  useful  as  the  original.  Measurements 
of  position  or  intensity  of  the  images  can  be  made,  the  cost  is  not 
large,  and  is  nearly  proportional  to  the  number  of  copies  furnished. 
A  set  of  fifty-five  of  these  prints  on  glass,  covering  the  sky  from  the 
north  to  the  south  pole,  has  accordingly  been  prepared,  and  is  describ- 
ed in  Table  I.  A  current  number  for  designating  the  plate,  and  the 
approximate  right  ascension  and  declination  of  the  center,  are  given 
in  the  first  three  columns.  The  designation  of  the  original  negative 
is  given  in  the  fourth  column.  It  consists  of  the  letters  indicating  the 
series,  and  the  number  of  the  plate  in  that  series.  The  plates  taken 
with  the  anastigmatic  lens  at  Cambridge  are  indicated  by  the  letters 
AC,  those  at  Arequipa  by  AM.  The  date,  the  Greenwich  Mean  Time, 
and  the  length  of  exposure,  expressed  in  minutes,  are  given  in  the 
next  three  columns.  Remarks  on  some  of  the  plates  follow  the  table. 
The  position  of  any  particular  object  is  indicated  by  two  numbers 
placed  in  brackets.  The  first  gives  the  distance  of  the  object,  in 
millimeters,  from  the  left-hand  edge  of  the  exposed  portion  of  the 
plate.  The  second  number  gives  the  corresponding  distance  from  the 
lower  edge  of  the  exposed  portion. 

In  the  use  of  these  plates  certain  suggestions  may  be  made, 
especially  for  the  benefit  of  those  unaccustomed  to  astronomical 
photographs.  To  compare  them  with  the  sky,  they  should  be  examined 
with  the  glass  side  toward  the  eye.  Objects  of  interest  may  then 
be  conveniently  marked  on  this  side  of  the  plate  with  a  pen.  The 
label  is  on  the  southern  end  of  each  plate,  excepting  in  the  cases  of 
Nos.  i  and  54,  which  contain  the  north  and  south  poles,  respectively. 
Conspicuous  configurations,  like  those  of  Orion,  Ursa  Major,  and 
Scorpius,  are  easily  recognized  by  inspection,  aided  when  necessary  by 
a  small  atlas.     For  the  faint  stars,  a  comparison   may  be   made   with 
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TABLE 

I. 

CATALOGUE    OF 

PLATES. 

No. 

R.  A. 

Dec. 

Negative 

Date 

G.  M.  T. 

Ex. 

h.  m. 

- 

y.             m.           d. 

h.     m. 

m. 

I 

0   00 

+90 

AC   2l6l 

1902,  January        4 

22  43 

39 

2 

0   00 

-f-60 

AC    1943 

1 90 1,  November    2 

17    51 

63 

3 

3  00 

+60 

4 

6  00 

4-6o 

.  •     .  . 

5 

9  00 

+60 

AC '3625 

1903,  May            13 

13    16 

59 

6 

12  00 

+60 

AC  3466 

1903,  March        31 

18   42 

71 

7 

15  00 

+60 

AC  3620 

1903,  May            12 

14   51 

58 

8 

18  00 

-f-60 

AC  3629 

1903,  May            13 

18    14 

70 

9 

21  00 

+  60 

AC  3630 

1903,  May            13 

19    2* 

60 

10 

0  00 

+30 

AC  2152 

1902,  January        4 

13    06 

57 

ii 

2  00 

+30 

AC     124 

1898,  December  16 

13    09 

62 

12 

4  00 

+30 

AC  2155 

1902,  January        4 

16    16 

59 

13 

6  00 

+30 

AC  3469 

1903,  April             1 

12    48 

75 

M 

8  00 

+30 

AC  3363 

1903,  February    26 

16    16 

59 

15 

10  00 

+30 

AC  2160 

1902,  January        4 

21    55 

S6 

16 

12  00 

+30 

AC  3332 

1903,  February    20 

21    04 

67 

17 

14  00 

+30 

AC   1 105 

1900,  December  28 

22   04 

68 

18 

16  00 

+30 

AC     252 

1899,  March         20 

20    19 

64 

19 

18  00 

+30 

AC   1013 

1900,  September  24 

12    12 

56 

20 

20  00 

+30 

AC  3353 

'903,  February    23 

22    03 

62 

21 

22  00 

+30 

AC  1014 

1900,  September  24 

13    16 

69 

22 

0  00 

0 

AM  IS69 

1902,  September  25 

15    32 

58 

23 

2  00 

0 

AM     151 

1899,  September  14 

18  45 

60 

24 

4  00 

0 

AC   1093 

1900,  December  27 

13    27 

7i 

25 

6  00 

0 

AC  2156 

1902,  January        4 

17    22 

73 

26 

8  00 

0 

AC     513 

1899,  November    9 

22    01 

64 

27 

10  00 

0 

AC  2518 

1902,  May              2 

14    19 

65 

28 

12  00 

0 

AM  1 43 1 

1902,  July               8 

12    09 

65 

29 

14  00 

0 

AC  2547 

1902,  May             13 

16  35 

73 

30 

16  00 

0 

AM  1420 

1902, July               3 

13  15 

60 

3i 

18  00 

0 

AM  1436 

1902,  July                9 

14  18 

60 

32 

20  00 

0 

AM  1439 

1902, July               9 

17  30 

60 

33 

22  00 

0 

AM  1 44 1 

1902, July               9 

19  39 

60 

34 

0  00 

-30 

AM  1427 

1902,  July               3 

20  53 

60 

35 

2  00 

-3o 

AM  1451 

1902,  July             10 

20  56 

61 

36 

4  00 

-30 

AM  1802 

1903,  January      16 

15  55 

68 

37 

6  00 

-30 

AM  178s 

1903,  January         3 

17  33 

60 

38 

8  00 

-30 

AM  1798 

1903,  January      15 

16  35 

60 

39 

10  00 

-30 

AM  1419 

1902,  July               3 

12  01 

61 

40 

12  00 

-30 

AM  1443 

1902,  July              10 

12  07 

67 

41 

14  00 

-30 

AM  1444 

1902,  July             10 

13  15 

60 

42 

16  00 

-30 

AM  1452 

1902,  July              11 

14  39 

60 

43 

18  00 

-30 

AM  1461 

1902, July             12 

14  37 

60 

44 

20  00 

—  30 

AM  1463 

1902,  July             12 

17  26 

61 

45 

22  00 

-30 

AM  1440 

1902,  July               9 

18  36 

61 

40 

0  00 

-60 

AM    70s 

1900,  November    1 

13  37 

61 

47 

3  00 

-60 

AM  1782 

1903,  January        3 

14  12 

64 

48 

6  00 

—  60 

AM     712 

1900,  November  10 

18  33 

60 

40 

9  00 

— 1)0 

AM  1247 

1902,  May            15 

12  43 

60 

50 

12  00 

-60 

AM     459 

1900,  May              8 

15  10 

72 

51 

15  00 

-60 

AM  1469 

1902,  July             14 

M   13 

60 

52 

18  00 

-60 

AM    809 

1901,  May           27 

17  48 

61 

5* 

21   00 

-60 

AM  1464 

1902, July            12 

18  32 

60 

54 

0  00 

-85 

AM    626 

1900,  September  3 

17  n 

60 

55 

14  00 

~~  75 

AM  1^89 

1902,  June            25 

15  13 

60 
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the  charts  of  the  Durchmusterung,  which  are  on  nearly  four  times  the 
scale.  The  plates  may  be  examined  with  a  reading  glass  or  a  two-inch 
positive  eyepiece.  The  latter  will,  in  almost  all  cases,  serve  to  distin- 
guish defects  from  actual  star  images.  It  will  be  noticed  that  images 
of  bright  stars  are  surrounded  by  sixteen  rays,  due  to  the  iris 
diaphragm  of  the  lens. 

REMARKS. 

1.  The  position  of  the  North  Pole  is  [95,  104].  [97,  in],  the  Pole  Star.  The 
circular  form  and  absence  of  diffraction  rays  show  that  [no,  118]  is  a  defect. 

2.  See  No.  10. 

3.  Owing  to  a  change  in  the  scheme  of  work,  photographs  have  not  been  obtained 
in  the  position  of  this  and  of  the  following  region.  These  omissions  will  be  supplied 
in  a  few  weeks,  or  as  soon  as  their  positions  permit  photographs  to  be  obtained. 

4.  See  No.  3. 

6.  [25,  89],  {  Ursae  Majoris;  also  on  No.  7  [172,  85]. 

7.  See  No.  6. 

10.  [48,    190],  Nebula  in  Andromeda;    also    on   No.    2    [47,    11]. 

12.  [117,  69],  Pleiades,  showing  also  the  nebulosity  surrounding  them.  Star  1 
and  perhaps  m  of  the  sequence  given  in  Harvard  Annals y  XVIII,  p.  153,  appears  on 
this  plate.  [131,  185],  Nova  Perseif  No.  2.  Nos.  54,  58,  and  64  of  llagen's  Catalogue 
are  readily  seen. 

J3«  [8o,  58,  Neptune.  [39,  1 07],  Nova  Geminorum.  Stars  t  and  w  of  Circular 
No.  70  (Hagen  73  and  77)  appear  on  this  plate.  Numerous  clusters  are  also  shown 
where  it  is  crossed  by  the  Milky  Way.     [82,  71],  the  cluster  Ar.  G.  C.  2129. 

14.  [40,  48],  Praesepe. 

17-  [H5»  92],  the  cluster  Messier  3,  N.  G.  C.  5272. 

18.  [51,  125],  Messier  13,  N.  G.  C.  6205,  the  cluster  in  Hercules. 

19.  [46,  163J,  the  double  stars  e  and  5,  Lyrae;  also  on  Plate  20  [180,  169]. 
[31,  124],  Messier  57,  N.  G.  C.  6720.  The  Ring  Nebula  in  Lyra;  also  on  Plate  20 
[175,  127]. 

20.  See  No.  19. 

25.  [134,  80],  N.  G.  C.  1976,  the  great  Nebula  in  Orion,  [126,91],  {Ononis 
showing  the  faint  nebulosity,  N.  G.  C.  2024,  north  following  it.  [106,  105  J,  a  Orionis 
The  red  color  of  this  star  is  well  shown  by  its  faintness  on  the  photograph.  [40,  161], 
the  cluster  Messier  14,  N.  G.  C.  2287.  [31,  3],  Sirius.  The  circle  around  this,  and 
other  very  bright  stars,  is  due  to  light  reflected  from  the  back  of  the  plate. 

30.  [167,  116],  the  cluster  Messier  5,  AT.  G.  C.  5904. 

37.  [74,83],^/^. 

40.  The  fogging  on  the  northern  edge  is  due  to  the  Moon. 

42.  1 68,  119],  aScorpii.  The  red  color  of  this  star  is  well  shown  by  its  faintness 
on  the  photograph. 

43.  [166,  141],  Uranus.  [126,  89],  the  cluster  Messier  7,  A\  G.  C.  6475.  [ioq# 
75],  the  cluster  Messier  6,  N.  G.  C.  6405.  [99,  144],  the  Trifid  Nebula,  N.  G.  C.  6514. 
See  Annals  XXVI,  p.  204,  and  Plate  III.     [96,  136],  N.  G.  C.  6523. 

44.  [127,  136],  Vesta.      [113,  149],  Saturn. 
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45-  [169,  169],  Jupiter.  Satellite  III  is  seen  about  half  a  millimeter  to  the  left 
of  it 

46.  [87,  25],  the  cluster  47  Tucanae,  N.  G.  C.  104.  [76,  17],  the  Small  Magel- 
lanic Cloud.  See  Annals  XXVI,  p.  205,  and  Plate  IV.  [24,  102],  Acktrnar 
a  Eridani.  Next  to  Sinus,  this  is  the  brightest  star  in  the  sky;  also  on  No.  47 
[167,  102]. 

48.  [115,  40],  the  Large  Magellanic  Cloud.  See  Annals,  XXVI,  p.  206,  and 
Plate  IV.  [77,  137],  Canopus,  aCarinae.  [13,  73],  the  cluster  N.  G.  C.  2516;  also  on 
No.  49  [145,  86]. 

49.  Several  fine  clusters  appear  on  this  plate,  which  are  better  shown  on  Plate  50. 

50.  [182,  49],  the  cluster  N.  G.  C.  3114;  also  on  Plate  49  [56,  94].  [153,64], 
rjCarinae  or  17  Argus  ;  also  on  Plate  49  [24,  88].  This  is  one  of  the  most  remarkable 
regions  in  the  sky.  See  Annals  XXVI,  p.  206,  and  Plates  V  and  VII.  [138,74]. 
N.  G.  C.  3523;  also  on  Plate  49,  [6,  86].  [113,  61],  N.  G.  C.  3766.  The  Southern 
Cross  is  well  shown  on  this  plate.  See  also  Annals  XXVI,  p.  203,  and  Plate  II.  [85, 
79],  5  Crucis.  [79,  52],  a  Crucis.  [72,  88],  y  Cruets.  [62,  71],  ft  Cruets.  The  faint- 
ness  of  7  Crucis  is  due  to  its  red  color.  This  renders  the  Cross  less  conspicuous  on 
the  photograph  than  to  the  eye.  [58,  66],  the  cluster  k  Crucis,  N.  G.  C.  4755.  [7, 
50].  pCen/auri.  [6,  134],  the  cluster  wCentauri,  N.  G.  C.  5139,  the  finest  globular 
cluster  in  the  sky. 

51.  [144,  90],  $Centauri\  also  on  No.  55  [99,  193].  [ll8,  91],  aCentauri;  also 
on  No.  55  [72,  188].  So  far  as  known  this  is  the  nearest  star  in  the  sky.  [42,  124], 
the  cluster  JV.  G.  C.  6067. 

54.  As  the  latitude  of  the  Arequipa  station  is  —  1 6°  22  ,  a  good  photograph 
could  not  be  obtained  if  the  declination  of  the  center  of  the  plate  was  at  —  900, 
Accordingly,  this  plate  has  been  taken  in  R.  A.  oh.  0m,  December  —  8^36.  Plate  55, 
taken  from  the  other  set  of  photographs,  has  been  added,  to  cover  the  region  which 
would  otherwise  be  omitted.  The  position  of  the  South  Pole  is  [92,  61];  also  on  No. 
55  [96,  15].  I  96,  64],  aOctantis;  also  on  No.  55  [91,  14].  [84,  166],  47  Tucanae. 
[73.  1 57].  the  Small  Magellanic  Cloud. 

55.  See  Nos.  51  and  54. 

The  cost  of  these  plates  will  prevent  the  wide,  gratuitous  distribu- 
tion of  them  that  is  made  of  the  Annals.  In  any  case,  this  would  not 
be  advisable,  since  many  would  thus  be  placed  where  little  or  no  use 
would  be  made  of  them.  Copies  of  this  set  of  photographs,  consist- 
ing of  fifty-five  glass  negatives,  each  eight  by  ten  inches,  will  be 
supplied  for  $15  ;  selected  sets  of  ten  plates,  $3.  This  is  less  than  the 
actual  cost,  the  balance  being  paid  from  the  Advancement  of  Astro- 
nomical Science  Fund  of  the  Harvard  Observatory.  The  privilege  of 
increasing  the  price  later  is  reserved.  If  the  demand  justifies  it,  copies 
of  the  second  set  of  plates,  whose  centers  are  near  the  corners  of  these, 
will  be  issued  later. 

Edward  C.  Pickering. 

May  19,  1903. 


Reviews 

The  Theory  of  Optics.  By  Paul  Drude.  Translated  from  the 
German  by  C.  Riborg  Mann  and  Robert  A.  Millikan,  of 
the  University  of  Chicago.  New  York :  Longmans,  Green 
&  Co.,  1902. 

It  is  a  satisfaction  to  note  that  there  has  appeared  a  translation  of 
this  work,  which  received  such  instant  recognition  at  the  hands  of 
physicists  the  world  over  upon  its  appearance  in  Germany.  The  trans- 
lators deserve  much  praise  for  the  conscientious  and  accurate  manner 
in  which  they  have  accomplished  their  task. 

As  to  the  subject-matter :  Professor  Drude  has  produced  a  work  of 
the  greatest  value — distinctly  modern  and  up  to  date,  logical  and  con- 
cise, yet  clear.  The  keynote  of  the  work  is  sounded  by  the  author  in 
his  preface :  "  My  purpose  is  attained  if  these  pages  strengthen  the 
reader  in  the  view  that  optics  is  not  an  old  and  worn-out  branch  of 
physics,  but  that  in  it  also  there  pulses  a  new  life  whose  further  nourish- 
ing must  be  inviting  to  everyone. "  (The  English  here  is  not  a  fair 
sample  of  the  work  of  the  translators.) 

In  detail  we  may  note  the  following : 

The  mathematical  treatment  of  the  formation  of  images  is  very 
thorough.  A  brief  practical  survey  of  optical  instruments  (telescope, 
microscope,  photographic  lens  systems,  etc.)  is  given.  The  subject  of 
photography  in  natural  colors  is  merely  touched  upon. 

One  of  the  most  valuable  and  remarkable  parts  of  the  book  is  that 
which  deals  with  diffraction  problems.  Starting  with  Huyghen's  ele- 
mentary light-wave  principle,  Fresnel's  modification  of  it,  and  Kirch- 
hoff's  further  development  (simplified  by  Voigt),  the  reader  is  led 
logically  through  an  exhaustive  mathematical  discussion  of  important 
diffraction  phenomena.  This  is  accompanied  by  a  brief  treatment  of 
grating,  prism,  and  echelon. 

Under  polarization  phenomena  Wiener's  stationary  light-wave 
experiment  is  mentioned  and  emphasized,  and  rightly  so,  for  from  it 
the  important  conclusion  follows  inevitably  that  the  direction  of  the 
light  vector  is  perpendicular  to  the  plane  of  polarization. 

Attention  is  called  to  the  first  brilliant  success  of  the  electromag- 
netic theory  of  light,  that  "the  velocity  of  light  in  ether  is  equal  to 
the  ratio  of  the  electromagnetic  to  the  electrostatic  units." 

In  discussing  the  subject  of  dispersion  in  the  magnetic  rotation  of 
the  plane  of  polarization,  the  bearing  of  the  phenomenon  known  as  the 
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Hall  effect  is  shown,  and  the  Ampere- Weber  theory  of  molecular  cur- 
rents is  modified  so  as  to  give  the  correct  results.  From  this  discus- 
sion we  are  then  led  directly  to  Voigt's  theory  of  the  Zeeman  effect. 
The  statement  is  made  that  the  physical  significance  of  Voigt's  explana- 
tion of  anomalous  Zeeman  effects  has  not  yet  been  shown. 

The  "  ion  hypothesis  leads  to  some  new  dispersion  formulae  for  the 
natural  and  magnetic  rotation  of  the  plane  of  polarization." 

A  comprehensive  treatment  of  light  problems  with  reference  to 
bodies  in  motion  leads  to  the  aberration  of  light  and  to  Michelson's 
experiment  with  the  refractometer  oriented  in  two  positions  with 
respect  to  the  rotation  of  the  earth.  This  latter  is  followed  by  the 
rather  startling  explanatory  proposition  advanced  by  Lorentz  and  by 
Fitzgerald,  that  the  length  of  a  solid  body  may  depend  upon  its 
absolute  motion  in  space. 

Part  III,  "Radiation,"  covering  in  the  original  German  but  fifty- 
seven  pages,  and  in  the  translation  sixty,  is  a  fine  piece  of  work.  The 
subject  treated  might  well  demand  an  entirely  separate  book;  yet 
Professor  Drude's  discussion  is  clear  and  logical. 

The  electromagnetic  theory  is  adopted  as  fulfilling  most  com- 
pletely the  test  of  experiment ;  and  as  Professor  Michelson  says  in  his 
preface  to  the  English  edition,  "No  complete  development  of  the 
electromagnetic  theory  in  all  its  bearings,  and  no  comprehensive 
discussion  of  the  relation  between  the  laws  of  radiation  and  the  prin- 
ciples of  theorenodynamics  have  yet  been  attempted  in  any  general 
text  in  English." 

Throughout  the  whole  treatise  we  discern  a  strong  tendency  to  view 
nature  as  a  mechanism.  The  discussion  and  interpretation  of  equations 
resulting  from  mathematical  reasoning  are  both  able  and  clear. 
Descriptively,  the  book  is  fully  on  a  par  with  Preston's  Theory  of 
Light  and  mathematically  more  valuable,  as  well  as  more  lucid  and 
attractive,  than  Basset's  Treatise  on  Physical  Optics. 

The  general  criticism  may  be  made  that  the  book  is  unbalanced, 
too  little  space  being  given  to  some  subjects,  too  much  to  others.  This, 
however,  is  quite  a  pardonable  fault,  especially  as  the  author  makes 
"no  claim  to  such  completeness  as  is  aimed  at  in  Mascart's  excellent 
treatise,  or  in  Winkelmann's  Handbuch"  and  writes  :  "  For  the  sake  of 
brevity  1  have  passed  over  many  interesting  and  important  fields  of 
optical  investigation." 

Professor  Drude's  Theory  of  Optics  should  be  assigned  a  most 
prominent  place  in  the  library  of  every  modern  physicist  —  a  place 
which  it  should  hold  for  many  a  year  despite  the  rapid  progress  of  the 
science.  N.  A.   K. 
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ON  MEASUREMENTS  OF  WAVE-LENGTH  WITH   THE 
CONCAVE  GRATING  OBJECTIVE  SPECTROSCOPE. 

By  F.  L.  O.  Wadsworth. 

In  a  recent  paper1  I  have  investigated  the  question  of  the 
aberration  which  is  introduced  by  the  use  of  the  concave  grating 
as  a  direct  objective  spectroscope.  It  was  found  that  for  all  points 
not  exactly  on  the  axis  of  the  grating  the  aberration  was  different 
in  nature,  and,  in  most  cases,  very  much  greater  in  amount  than 
that  produced  by  using  the  grating  in  the  manner  proposed  and 
adopted  by  Rowland.  The  question  of  the  effect  of  this 
increased  unsymmetrical  aberration  on  the  size  of  the  field  of 
good  definition  and  on  the  accuracy  of  measurement  of  wave- 
lengths with  the  instrument  were  very  briefly  discussed  in  the 
paper  to  which  reference  has  been  made  and  in  a  second  paper, 
"On  the  Optical  Conditions  Required  to  Secure  Maximum 
Accuracy  of  Measurement  in  the  Use  of  the  Telescope  and 
Spectroscope,"  published  in  preceding  numbers  of  this  Journal.2 

x"Onthe  Aberration  of  a  Concare  Grating  when  Used  as  an  Objective  Spectro- 
scope,"/*///'/. Mag.,  (6)  6,  119-156,  July  1903. 

'16,  267-299;  17,  I-19,  100-133,  163;  See  particularly  pp.  285-288  (note 
errata  on  p.  287  as  corrected  in  17,  163). 
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The  theory  and  method  of  using  the  concave  grating  as  an 
objective  spectroscope  was  first  published  by  the  writer  in  i896.x 
Since  then  it  has  been  used  in  this  way  by  a  number  of  investi- 
gators, among  whom  may  be  mentioned  Poor,  Mitchell,  Frost, 
Mohler  and  Daniel,  and  Jewell  and  Humphreys.  It  was  used 
by  the  writer  in  1900  at  Union  Springs,  Alabama,  in  photograph- 
ing the  flash  spectrum  and  coronal  rings  during  the  total  solar 
eclipse  of  May  28. 2  The  unsatisfactory  results  yielded  by  the 
preliminary  examination  of  the  plates  then  obtained  led  me  to 
the  more  detailed  investigation  of  the  aberration  of  the  instru- 
ment;  and  the  conclusions  reached  indicate  that  both  as  a 
spectrograph  and  as  a  spectrometer  the  concave  grating  objective 
spectroscope  is  far  below  the  standard  of  the  objective  prism 
and  the  plane  grating  objective  spectroscope.  In  the  case  of 
our  own  plates  the  errors  of  displacement  of  the  lines  are  so 
large  and  the  definition  at  the  edges  of  the  field  so  imperfect 
that  I  have  not  considered  the  results  of  wave-length  measure- 
ment that  might  be  obtained  from  them  worthy  of  comparison 
with  those  determined  by  other  parties  with  the  slit,  objective 
prism,  and  plane  grating  objective  spectrographs.3  This  bad 
definition  and  lack  of  accuracy  is  in  part  due,  in  our  case,  to  the 
very  large  angular  aperture  employed  (with  the  view  of  securing 
great  rapidity  '),  and  in  part  to  the  method  of  mounting  adopted 
(also  with  a  specific  object).  This,  as  I  have  since  found  by 
the  mathematical  investigation,  is  less  favorable  than  another 
form  would  have  been. 

Other  observers  who  have  used  the  instrument  in  eclipse 
work  also  report  unfavorably4  as  to  the  performance  of  the 
instrument,  but  ascribe  the  poor  results  either  to  the  use  of 
improper  plates  or  to  defects  in  the  focusing.  While  these 
causes  mav  have  operated  to  contribute  to  the   difficulties,  they 

1  AsiKoriLYMCU.  Journal.  3,  54-00,  January  1896. 

-  AV/W-.'  cf  i':e  Pire^cr  cf  ike  A'U^heny  Observatory  for  /goo,  pp.  23-24  (q). 
Also  *■  Ace -unt  of  Allegheny  Observatory  Eclipse  Expedition,"  S.  M.  KlNTNER, 
/ /  \\- ft- rt:   I  'ti : : .  >\; /.'  1  •  C  ■>?<>>!  >ii.  15,  2 c 0    270. 

;  See  .iIm.i  footnote  on  p.  87. 

4  See  f>>r  example  From.  Asi  rothysical  JorRNAL,  12,  85,  307  ;  Mohlhr  and 
IUniki  .  /•'•/./..  12,   Vol  and  Humi-hrk*  >,  /*/./..  16,  313. 
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are  not,  as  it  now  appears,  the  chief  sources  of  error.  The 
latter  are  to  be  found  in  the  inherent  optical  defects  of  the 
instrument  itself. 

The  general  expression  for  the  aberration  in  the  primary 
plane  of  a  concave  grating  when  used  as  an  objective  spectro- 
scope is,  as  has  been  already  found,1 

-7            P    •    ,  o   •     a         .(cos  i  + cos  6) 
Z  —  —  -  sin 3  8  sin  6  cos  /  v —^ J 

2  COS20 

+  |  sin^COS^2C^S^[cosa  /  -  (cos  0  +  2  cos  /)•  tang'  0]        (l) 

=.-  v+s, 

where  p  is  the  radius  of  curvature  of  the  grating  surface,  £  is 
the  semi-angular  aperture  measured  at  the  center  of  curvature, 
and  /  and  0  are  the  angles  of  incidence  and  diffraction  respec- 
tively. Both  yS  and  0  are  measured  positively  to  the  right  from 
the  normal  to  the  grating  (viewed  from  the  center  of  curvature), 
while  i  is  measured  positively  to  the  left  of  this  axis.  The 
nature  and  numerical  value  of  the  aberration  depends  both  on 
the  dimensions  and  optical  constants  of  the  grating  and  on  the 
form  of  mounting  adopted  for  the  instrument.  As  described  in 
a  previous  paper,  there  are  four  general  types  of  mounting  that 
may  be  employed,  and  these  have  been  designated  respectively 
as  A-B,  C-D,  E-F,  and  G-H. 

In  the  solar  eclipse  work  with  which  we  are  now  dealing  only 
two  of  these  types  have  been  used;  i.e.,  the  A-B  type  by  Frost, 
Mohler  and  Daniel,  and  Jewell  and  Humphreys,  and  the  G-H 
type  by  the  writer.  The  dimensions  and  other  optical  constants 
of  the  four  gratings  and  the  positions  in  which  they  were  used 
are  given  in  Table  I.  The  aberrations  at  the  centers  and  the 
edges  of  the  photographic  fields,  computed  from  the  data  in 
Table  I  by  the  aid  of  ( I ),  are  tabulated  in  Table  II. 

In  order  to  determine  the  effect  of  a  given  amount  of  aberra- 
tion, if,  on  the  form  and  position  of  the  spectral  image  at  dif- 
ferent parts  of  the  field  we  must  find  how  the  distribution  in 
intensity  in  the  diffraction  pattern  at  the  focal  plane  is  affected 
by  the  unsymmetrical  constituent  £/and  the  symmetrical  constit- 

1  Phil.  Mag.,  6,  124,  July  1903. 
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TABLE  III. 
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4-1.2 

.0243 

.0009+1.51 

.0029  +1.73 

.0000 

+  I.90 

.0061 

+2.30 

.0015 

+2.4 

.0007 

+1.3 

.0392 

.0089I+1.64 

•0457 

+  1.87 

.0379  +2.06 

•0135 

+2.50 

.0000 

+2.6 

.0090 

4-1.4 

.0468 

•  03951+1.76  .1159 

+2.02 

.1262  ;+2. 21 

.0864 

+2.6Q 

.0281 

+2.8 

•0395 

+1.5 

.0450 

.0776  +1.89I  .1807 

+2.16 

.2198 

+2-37 

.1913 

+2.88 

.0656 

+3-0 

.0776 

4-1.6 

.0358 

.1095 

+2.02 

.2138 

+2.30 

.2749 

+2-53 

.2764 

+3-07 

.1080 

+3-2 

.1095 

4-1.7 

.0229 

.  1261 

+2.14 

.2046 

+2.45 

.2674 

+2.68 

.3088 

+3-26 

.1424  +3.4 

.1258 

4-1.8 

.0108 

.1239 

+2.27 

■1592 

+2-59 

.20^0 

+2.84 

.2467 

+3.46 

.1538  +3.6 

.1215 

4-1.9 

.0027 

•  1052 

+2.40 

.0968 

+2.74 

.1128 

+3.00  .1473 

+3.65 

•  1323 ,  +3.8 

.0968 

4-2.0 

.0000 

.0762 

+2.52 

.0402 

+2.88 

•0358 

+3-16 

•0505 

+3.84 

.0822 

+4.0 

.0580 

uent  5  respectively.  The  problem  has  been  investigated  in  part 
by  Lord  Rayleigh  for  small  values  of  U  and  S.,  i.e.,  values  not 
exceeding  0.5X.X  The  aberrations  with  which  we  have  to  deal  in 
the  above  cases  range  from  0.03X  for  5  with  the   F  grating,  to 

1  Phil.  Mag.,(S)  8,  404. 
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88X  for  U  with  the  W  grating.  Disregarding  the  very  large 
values  for  this  latter  instrument,  we  have  still  to  consider  the 
effect  of  unsymmetrical  aberrations  amounting  to  as  much  as 
2.9X  for  the  J  grating.  I  have  therefore  extended  Rayleigh's 
results  for  the  effect  of  an  unsvmmetrical  aberration  to  values  as 
large  as  U=2\.  The  values  of  Pu  for  U^  %\  l/2\  #X,  i\,  1  %\9 
and  2\  for  a  rectangular  aperture  are  tabulated  in  columns  3,  5, 
7,  9,  ii,  and  13,  respectively,  of  Table  III.  For  the  sake  of 
comparison  the  value  of  P0  for  £/— o  (no  aberration),  is  given  in 
column  2  of  the  same  table.  The  abscissae  a  for  each  curve  are 
expressed  as  usual  in  terms  of  a0,  the  angular  distance  from  the 
center,  0,  of  the  geometrical  image  to  the  first  minimum,  wc.  of 
the  normal  diffraction  pattern  /*  (column  2).  Owing  to  the 
manner  in  which  the  integral  involved  was  originally  evaluated 
by  Airy,1  the  tabulated  values  of  Pu  correspond  to  different 
values  of  a  for  each  value  of  U.9 

a 

The  curves  expressing  the  relation  between  /J  and  -  for  these 

different  values  of  U  (0  to  2\)  are  plotted  in  Fig.  1. 

From  an  examination  of  the  values  of  the  table,  or  better 
still,  of  the  above  curves,  we  see  that  the  relation  between  C\ 
the  extreme  unsymmetrical  wave  front  aberration,  and  the 
angular  displacement  0  —  0'  of  the  point  of  maximum  intensity 
of  the  resulting  distorted  image  is  almost  linear,  and  that  the 
amount  of  such  displacement  is 

U 

0  —  0'=  Ay  —  0.3    aOJ\,  (2) 

4 

or,  expressed  in  linear  measure  at  the  focal  plane, 

\i=  1.2-  u  .  (3) 

Hence,  substituting  the  value  of  U  from  (1),  we  obtain 

Af    -  0.6  -  u  sin1  P  ~^~h  (cos  ;  +  cos  0)  cos  '  »  (a) 

where  u  is  the  focal  length  of  the  grating. 

1  Sec  Cambridge  Phil,  Trans.,  6.  402,  183S. 
2 Sec  Raylkich,  Phil.  J/</;'.,  (5)  8,  405.  406. 
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For  the  purpose  of  determining  the  effect  of  this  displace- 
ment on  the  measurement  of  wave-lengths  it  is  convenient  to 
express  A£  in  terms  of  AX.  From  the  general  equation  of  the 
grating,  we  have 

N\=.--b(s\Vii—  sin0)  (5) 

and 

<f\=  -^-rcosO</0 

=  —  —  cosO—  . 
N  u 

If  the  cross -wires  of  the  measuring  micrometer  are  always  set 
on  the  point  of  maximum  intensity,  0' ,  of  the  unsymmetrical 
image,  the  error  in  the  wave-length  measurement  due  to  the 
aberration  of  the  concave  grating  spectroscope  will  therefore  be 

/A  —  — 1.2  — cos 0  .  (7) 

These  values  have  been  computed  for  the  values  of  U  given 
by  ( 1 )  for  the  four  instruments  already  considered  and  are  found 
in  the  columns  headed  d\  of  Table  II. 

The  maximum  errors  of  displacement  due  to  aberration  are 
therefore  0.04  tenth-meters  in  the  case  of  Frost's  plates;  0.13 
tenth-meters  in  the  plates  obtained  by  Mohler  and  Daniel  ;  0.15 
tenth-meters  in  the  case  of  those  obtained  by  Jewell  and 
Humphreys;  and  so  large  as  to  be  indeterminate  at  both  the 
ends  and  center  of  the  plates  obtained  by  the  writer.  Compar- 
ing these  errors  of  displacement  with  the  quantities  eof  Table  I, 
which  represent  the  limiting  metrological  power  of  the  instru- 
ments under  the  best  conditions  of  use,  we  see  that  the  effect  of 
aberration  is  to  displace  the  spectral  images  by  amounts  which, 
in  the  case  of  gratings  F,  M,  and  J,  are  respectively,  about  four, 
fourteen  to  nineteen,  and  twenty  to  one  hundred  and  fifty  times 
as  great  as  the  metrological  errors  of  setting  on  the  lines.  In 
the  case  of  grating  W,  d\  is,  as  already  stated,  so  large  as  to  be 
indeterminate. 

The  above  considerations  are  based  on  the  assumption  that 
the  setting  of  the  micrometer  wire  in  the  measurements  for 
determination  of  wave-length   is  affected  only  by  the  displace- 
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ment  of  the  maximum  of  intensity  in  the  central  band  of  the 
diffraction  pattern.  For  small  values  of  U  this  assumption  will 
be  very  nearly  correct,  but  for  large  values  the  setting  will  also 
be  affected  by  the  depression  of  the  principal  maximum,  0' ,  and 
the  very  decided  augmentation  of  the  lateral  bands,  o"  and  o'". 
The  effect  of  the  symmetrical  aberration  5  will  also  tend  to 
depress  still  further  the  principal  maximum,  o\  and  to  obliterate 
the  minima,  m1%  ma,  mv  by  a  re-distribution  of  the  relative  intensi 
ties  between  the  points,  mp',  m3o" ',  m3o'",  etc. 

In  the  case  of  the  M  and  J  gratings  the  extreme  values  of  U 
arc  1.3X  and  2. 9X,  respectively.  At  the  same  points  in  the  field 
the  corresponding  values  of  i'  are  about  0.1X.  The  effect  of 
this  amount  of  symmetrical  aberration  is  to  depress  the  central 
maximum  about  5  per  cent,  and  correspondingly  augment  the 
lateral  bands.  Considering  this,  and  taking  into  account  also 
the  effect  of  mechanical  vibrations,  small  errors  of  focusing,  etc. 
all  of  which  tend  in  the  same  direction,  we  shall  obtain  for  these 
large  values  of  £/a  distribution  in  intensity  in  the  spectral  image 
similar  to  that  represented  in  the  shaded  curve  in  Fig.  2.  In 
setting  the  micrometer  wire  on  such  an  image  as  this,  the 
tendency  would  undoubtedly  be  to  place  it  considerably  farther 
to  the  right  than  the  point  o\  which  marks  the  location  of  the 
principal  maximum.  The  error  of  setting  in  these  cases  would 
therefore  considerably  exceed  the  quantity  Af  as  given  by  (3). 

In  cases  like  that  of  the  VV  grating,  where  the  aberration, 
both  symmetrical  and  unsymmctrical,  amounts  to  a  very  much 
larger  number  of  wave-lengths,  the  central  and  lateral  bands  are 
all  blended  into  a  broad  indefinite  blur  on  which  it  is  impossible 
to  set  the  micrometer  wire  with  any  pretensions  to  accuracy. 
At  the  points  very  near  the  axis  of  this  grating  (0-0)  there  is 
a  narrow  strip  over  which  the  definition  is  about  equal  to  that  at 
the  extreme  edges  of  the  field  of  the  M  and  J  gratings  ;  but  even 
here,  as  we  have  already  seen,  the  aberrations  are  from  five  to 
twelve  times  greater  than  the  limit  imposed  by  considerations 
of  "  good  definition,"  and  from  twenty  to  one  hundred  and  fifty 
times  the  limit  imposed  by  the  conditions  of  maximum  accuracy. 
It  is  for  these  reasons  that  the  plates  taken  at  Union  Springs 
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have  been,  as  already  stated,  rejected  as  unsuitable  for  accurate 
measurement.1 

On  account  of  the  small  angular  and  linear  apertures  of  F 
and  J2  the  definition  of  these  gratings  is  good  not  only  at  the 
center  of  the  plate,  but  over  a  fair  extent  of  field.  The  plates 
obtained  with  these  instruments  have  been  measured  and  the 
wave-lengths  of  the  lines  so  determined  published.3  Mohler  and 
Daniel  have  also  published  a  short  list  of  wave-length  measure- 
ments obtained  with  grating  M.4 

I  have  been  interested  in  comparing  the  apparent  accuracy 
attained  in  these  measurements  with  that  to  be  expected  from 
the  preceding  considerations.  The  probable  uncertainties  in  the 
wave-length  determinations  as  assigned  by  the  observers  them- 
selves are  about  0.05  tenth-meters  at  the  center  and  about  0.2 

1  If  the  mathematical  investigation  of  the  aberration  of  the  concave  grating 
objective  spectroscope  had  been  undertaken  before,  instead  of  after,  these  eclipse  obser- 
vations had  been  made,  much  disappointment  on  my  own  part  at  least  would  have 
been  avoided.  No  excuse  can  be  given  for  such  lack  of  preliminary  examination  save 
that  of  an  unavoidable  delay  that  occurred  in  organizing  and  financing  the  expedi- 
tion, and  the  lack  of  sufficient  assistance.  The  grating  had  been  hastily  examined 
beforehand  to  test  its  definition  near  the  axis  at  the  principal  focus,  and  this  had 
been  found  to  be  very  good.  In  these  tests,  however,  I  had  no  collimator  of  suffi- 
ciently large  aperture  to  cover  the  entire  surface  of  the  grating,  and  the  semi-angular 
aperture  /3  was  in  consequence  of  this  only  about  six-tenths  as  large  as  that  used  in  the 
actual  eclipse  work.  The  aberration  on  the  axis  of  the  grating,  was,  under  these 
circumstances,  only  about  one-eighth  as  great  as  with  full  aperture,  and  therefore  con- 
siderably less  than  would  injuriously  affect  definition.  The  effect  of  increasing  the 
angular  aperture  and  the  field  was  not  considered  as  carefully  as  it  should  have 
been,  but  this  was  partly  in  consequence  of  the  results  which  Mitchell  had  published 
a  short  time  previously  (Astrophysical  Journal,  io,  29).  As  I  have  already 
pointed  out  in  my  previous  paper  [Philosophical  Magazine,  July  1903)  these  results, 
although  obtained  with  a  grating  of  even  larger  angular  aperture  than  that  here  used, 
should  not  have  been  accepted  as  conclusive.  The  whole  experience  is  a  good  illus- 
tration of  the  danger  of  adopting  a  new  type  of  instrument  without  sufficient  prelimi- 
nary examination  of  its  optical  defects  and  limitations  in  the  line  of  work  which  it  is 
desired  to  carry  out. 

2  In  the  case  of  J  the  small  angular  aperture  &>  was  due  to  a  part  of  the  ruled 
surface  being  defective.  In  the  light  of  subsequent  developments  this  must  be 
regarded  as  a  rather  fortunate  accident.  Had  it  not  heen  for  this,  the  aberration  at 
the  edges  of  the  field  would  have  been  even  larger  than  it  was. 

^  Frust,  Asiroi'iiysical  Journal,  12,  342-344;  Humphreys,  ibid.,  15,  31S- 

325,  Table  II. 

4  Moil  1  kk  and  Dam  hi.,  ibid.,  12,  363. 
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tenth-meters  at  the  edges  of  the  plates  by  Frost  (pp.  325, 326); x 
and  about  1  tenth-meter  by  Mohler  and  Daniel  (p.  363).  In 
both  cases  these  errors  or  uncertainties,  whichever  they  may  be 
called,  are  considerably  greater  than  the  theoretical  errors  of 
displacement  ^X.  At  first  sight  this  would  indicate  that  the 
effect  of  bad  definition  due  to  both  the  terms  U  and  5  is  more 
important  than  that  of  the  actual  displacement  d\  produced  by  U 
alone ;  and  this  would  probably  be  the  case  were  it  not  for  the  fact 
that  the  errors  of  measurement  due  to  the  first  cause  are  likely  to 
be  either  positive  or  negative,  while  those  due  to  the  second  cause 
are  negative  alone.  To  detect  any  effect  of  the  latter  nature  we 
must  examine  the  residuals,  Xoc—  \R%  for  systematic  and  periodic 
changes  in  sign  and  magnitude.  In  doing  this  we  are  met  at 
the  outset  with  a  difficulty  which  is  introduced  by  the  method 
of  reduction  and  interpolation  employed.  The  values  of  \OG 
from  the  objective  grating  plates  have  been  determined  not  as 
absolute  values,  but  as  relative  values,  by  identifying  certain 
lines  on  the  O.-G.  plates  with  lines  on  the  Rowland  map,  and  assum- 
ing that  the  average  residuals,  Xoc—  X^,,  are  zero  for  these  lines 
and  that  the  spectrum  is  normal  between  them.  This  process  is 
a  perfectly  legitimate  and  accurate  one  on  plates  taken  with  long 
focus  concave  gratings  mounted  in  the  manner  originally 
designated  by  Rowland,  and  for  which  there  is  no  unsymmetrical 
aberration.  It  cannot,  however,  be  adopted  without  question  for 
the  O.-G.  plates,  where  conditions  both  as  to  curvature  of  field 
and  aberration  are  so  different. 

From  equation  ( 5 )  we  have  for  any  point  6  in  the  field  of  a 
grating 

X  =  Ao-_^sin0  ,  (s) 

where  X0  is  the  wave-length  of  the  line  which  falls  on  the  axis  of 
the  grating,  0  —  o.  When  there  is  an  aberrational  displacement, 
d\,  of  the  position  of  the  geometrical  image,  the  line  of  wave- 

,In  this  connection  it  seems  desirable  to  call  attention  to  the  fact  that  Professor 
Frost  himself  recognized  the  inferiority  of  the  wave-length  measurements  made  with 
the  objective  grating  to  those  made  with  the  objective  prism  train,  and  by  far  the 
greater  part  of  his  wave-lengths  was  determined  from  plates  obtained  with  the  latter 
instrument. 
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length  X  will  not  fail  at  the  point  0  indicated  by  (8)  but  at  a 
point 

and  therefore 


e  =  6m-i.ij  , 


(9) 


as   indicated  in    (2)  and    (3).     From    (1)  we   obtain  for  U  in 
terms  of  0m  (neglecting  powers  higher  than  the  fourth)  the  value 

«/=Jsin'i»^l+(|tfI-icos/)«i]«Wi  (10) 

where 

a,  --  ( 1  +  cos  i )  cos  /  ,  (11) 

as  defined  and  tabulated  (for  different  values  of  i)  in  my  previous 
paper  (Table  I).1 

From  (8),  (9),  and  (10)  we  finally  obtain 

\-K,=  AX      -^sinj  i-o^sin^^+^.-icos/^Jl^^^) 

Let  us  put  for  convenience 

0.3  a,  =  a., 

°-3^^--cos/j  =a3 

Then  expressing  (12)  in  terms  of  0  we  have  to  the  same  degree 
of  approximation  as  before 

AA  _    -  /  j  ( 1  -./.sin-zS)^-  Q  -sin*/?(^  -*3)]^  |  •        (15) 

The  values  of  a2  and  a3  which  appear  in  (14)  and  (15)  have, 

for  convenience,  been  computed  for  the  same  values  of  1  used 

in   the  table  for  a  and  ar  above  referred  to.     The  results  are 

tabulated  in  Table  IV. 

TABLE  IV. 


rt,      | 

a- 

a \ 

/' 

ai 

a2 

*1 

»="-3",> 

I  =0.3*1,) 

0 

2.000   | 

0 .  600 

o.  }S0 

50* 

1.056 

0.317 

0.168 

5? 

i.gS8  , 

.  ^06 

.348 

55° 

.902 

.271 

.139 

10 ' 

1 .  c)  5  4 

.S86 

.340 

60 r 

•750 

.225 

•"3 

15 

1  .  Sf)9  ; 

•570 

•330 

65" 

.601 

.180 

.087 

20 

1.S2J   1 

•547 

.315 

70" 

•459 

.138 

.064 

25 

I.728 

.518 

•  2Q0 

75'" 

.326 

.098 

043 

30 

1  .  0  1 0 

.485 

•  274 

8o° 

.203 

.061 

.025 

35 

I  .400 

•447 

.249 

85° 

•  C95 

.029 

.011 

40 

1-353  i 

.40b 

.22) 

90' 

.000 

.000 

.000 

45 

1.207  ! 

.302 

.  196 

1 

'Phil.  Mag.,  (6)  6,  130. 
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When  the  plate  is  bent  to  the  focal  curve 

//  —  -  -    ,  .cos0  (17) 

1  -f-  cos  /  7 

it  has  a  curvature  of  -  .  If  it  is  then  straightened  and  meas- 
ured on  a  linear  dividing  engine  we  have  for  the  relation  between 
the  linear  run  AS  of  a  screw  and  the  angle  0m 

6m-^^AS.    l±™.  («8) 

From  (8),  (15)  and  (18)  we  finally  obtain 

AX-=-^(i-..,.n.A^  +  [i-.in./»(j-<rl)]^W         (u;) 

=  --  A  AS     +  xc. 

If  the  spectra  are  both  photographed  and  measured  on  a  flat 
plate  the  relation  between  the  run  of  the  micrometer  screw  and 
the  angle  0m  will  be 

6m  -^tang-1  — 

*o       3 
Substituting  this  value  in  (15)  and  reducing  as  before,  we  obtain 

AX  =  -A(l_(r.rin.A^  +  Q_8in./,gffj_.j)]^(AX)'    (2o) 

=---     A  AS  +  x,. 
The  amount  from  which  the  spectrum  departs  from  normal  is 
therefore  about  three  times  as  great  when  photographed  on  flat 
plates  as  when  photographed  on  curved  plates. 

In  the  case  of    Frost's    measurements,  in  which    the  plates 

used  were  flat,  the  extreme  value  of  A\  (sec  Table  I)  was  about 

N 
400    tenth-meters.     The   value  of  -j  —  n  for    the    F   grating  is 

5684  X  10 ~8  .       Hence   the  value    of  x /%  the   second   term    of 

(20),  which  expresses  the   correction   required  to  a  "normal" 

spectrum  is  about 

0.1  tenth-meter. 

The  corrections  at  the  intermediate  points,  AX  roo,  200 
and  300  tenth-meters,  are  respectively 
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For  AA  =  ico  tenth-meters,  jc—  0.002 
F:r  AA=  20c  tenth-meters,  x  =  0.013 
For  AA  =  300  tenth-meters,  -t  =  0.043 
For  AA  =  400  tenth-meters,  .r  =  0.103. 

Plotting  these  values  as  abscissae  and  ordinates  respectively  we 
obtain  the  curve  in  Fig.  3.  This  expresses  graphically  the  cor- 
rections that  must  be  applied  to  the  measurements  on  the 
assumption  that  the  spectrum  is  normal  over  the  entire  field. 

In  the  actual  reduction  of  the  plate  the  necessary  corrections 
were  somewhat  reduced  by  dividing  the  plate  into  three  sections; 
the  first  extending  from  X4200  to  4383.  the  second  extending 
from  X45S3  to  4572,  and  the  third  from  X4572  to  4950.  The 
spectrum  was  assumed  normal  over  each  of  these  three  sections. 
As  the  constant  A  of  the  micrometer  screw  was  determined 
separatelv  for  each  section,  the  corrections  between  these  points 
would  be  the  differences  between  the  ordinates  to  the  curve,  #, 
b,  1,  0.  cf,  t\  and  the  straight  lines,  db%  be,  and  cd.  The  maxi- 
mum correction  in  section  I  \iib\  would  therefore  be  about 
0.015  tenth-meters,  in  section  II  \bc)  not  more  than  0.004 
tenth-meters,  and  in  section  III  ia/)  about  0.03  tenth-meters. 

In  section  I  the  correction  is  just  a  little  larger  than  the  limit 
of  metrologicai  power  e  (see  Table  I),  and  in  section  II  it  mav 
be  entirely  disregarded;  in  section  III,  however,  it  is  about 
three  times  as  large  as  e.  In  this  last  section  the  correction  is 
sufficiently  large  to  make  its  neglect  felt  in  the  sign  of  the 
residual  errors.  In  order  to  determine  whether  this  were  true  I 
formed  a  table  of  residuals.  f[\)  --  Rowland  —  Frost,  for  all  lines 
whose  identification  was  assumed  to  be  reasonably  certain. 
These  residuals  are  plotted  in  Fig.  4  and  the  sums  taken  for 
each  interval  of  100  tenth-meters  (from  4200  to  4300,  from 
4300  to  4400,  etc. ).  The  latter  quantities  are  indicated  by  the 
circled  crosses    oc   of  the  figure. 

These  averaged  residual  differences  correspond  in  distribution 
and  sign  to  those  which  would  be  produced  by  neglect  of  the 
correction  x  for  sections  I  and  II,  but  are  larger  in  magnitude 
than  would  be  expected.  For  section  III  they  also  correspond 
if  the  constant  of  the  micrometer  run  was  determined  by  settings 
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on  lines  near  d  and  d' ,  or  was  assumed  to  be  the  same  as  in 
section  I.  In  such  case  the  line  dc  would  be  parallel  or  nearly 
so  to  the  line  abas  at  dc' %  and  the  corrections  for  x  would  be  the 
differences  of  the  ordinates  to  dc' ,  and  the  curve  c,  o,  d,  e.  These 
are  nearly  the  same,  not  only  in  sign  but  also  in  magnitude,  as 
those  actually  found.  The  processes  employed  in  the  work  of 
reduction  of  the  plates  are  not  stated  in  sufficient  detail  by 
Professor  Frost  to  enable  us  to  determine  whether  or  not  this 
explanation  is  the  correct  one,  but  the  periodic  character  of  the 
averaged  residuals,  2/(X),  is  quite  striking  and  the  great  pre- 
ponderance of  residuals  of  positive  sign  is  an  evidence  of  some 
systematic  error  of  the  kind  indicated. 

In  the  case  of  Humphreys'  measurements  the  plates  were 
curved.  The  maximum  values  of  AX  (see  Table  I)  measured 
are 

-\-  AX  --   700 

—  AX  =-1400   . 

The  values  of  xc  (from  19)  are 

For  AX  =-=  200  tenth-meters,  xc  =  0.004 
For  AX  -  400  tenth-meters,  xc  =  0.034 
For  AX  600  tenth-meters,  xc  —  o.  1 1 7 
For  AX  .--  700  tenth-meters,  *r  — 0.185 
For  AX  --  800  tenth-meters,  a:c  — 0.276 
For  AX  •—  900  tenth-meters,  xc  =  0.394 
For  AX  -  1000  tenth-meters,  -*v  =  0.538 
For  AX  1 1 00  tenth-meters,  A*,  =  0.716 
For  AX  1 200  tenth-meters,  xc  =  0.930 
For  AX—-  1300  tenth-meters.  xc  =  1.182 
For  AX  — -  1400  tenth-meters,  xc=  1.476 

In  this  case  the  correction  required  for  curvature  at  the  violet 
end  of  the  spectrum  is  nearly  five  hundred  times  the  limiting 
metrological  power,  e. 

The  relation  between  AX  and  x  is  plotted  in  Fig.  5.  The 
residuals  k(\)  =  Rowland  —  Humphreys,  and  their  sums  over 
each  interval  of  100  tenth-meters,  have  been  found  in  the  same 
way  as  for  Frost's  measurements  and  are  plotted  on  the  same 
scale  in  Fig.  6. 
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In  this  case  also  there  is  a  marked  correspondence  between 

IOO 

x  and  the  residuals  2/j  (X).     Near  the  center  of  the  plate  where 

o 

the  spectrum  is  nearly  normal  and  x  is  small,  the  average  resid- 
uals, 2A(\),  are  also  small  and  lie  very  nearly  in  a  straight  line 
parallel  to  the  X  axis.  As  we  go  from  this  point  toward  the 
violet  the  residuals  become  distinctly  periodic  in  character. 
This  would  be  explained  if  the  wave-lengths  in  this  part  of  the 
spectrum  were  determined  by  extrapolation  from  standard  refer- 
ence lines  at  about  3250,  3500,  3700,  3850,  4000  and  4150.  In 
Humphreys'  paper  the  method  of  reduction  is  not  described,  and 
here  again  it  is  not  possible  to  satisfactorily  compare  the  actual 
results  of  computation  and  measurement. 

EFFECT  OF  ABERRATION   ON  THE  APPEARANCE  OF  THE  LINES. 

For  small  values  of  0,  i.e.,  near  the  center  of  the  plate,  the 
value  of  U  is  small  and  the  value  of  5  is  relatively  large.  In 
this  portion  of  the  field  the  lines  will  therefore  be  simply 
broadened  without  being  sensibly  displaced  or  rendered  assym- 
metrical.  As  we  go  away  from  the  center  the  value  of  5 
decreases  and  the  value  of  U  increases.  The  effect  of  this  is 
not  only  to  displace  the  apparent  center  of  intensity  of  the 
central  image  but  to  increase  very  greatly  the  relative  intensities 
of  the  lateral  diffraction  fringes  on  the  right  hand,  i.  e.,  the  violet 
side,  of  the  central  image. 

An  examination  of  Fig.  2  shows  that  for  large  values  of  U 
the  first  lateral  fringe  on  the  right  becomes  very  nearly  as  bright 
as  the  central  image,  and  is  much  narrower  and  sharper.  This 
image  was  actually  selected  by  Humphreys  as  the  one  corres- 
ponding most  nearly  to  the  true  geometrical  image.  The  multi- 
plication of  lateral  images  at  the  edges  of  the  field  is  not,  as 
Humphreys  assumes,  an  evidence  of  imperfect  focusing,  but  of 
good  focusing.  Under  favorable  conditions  it  is  possible  to 
observe  not  only  the  principal  (central)  component  of  the  dif- 
raction  image  and  the  first  two  right  hand  fringes  (forming  an 
apparent  tripling  of  the  line)  but  several  more  lateral  fringes 
still  further  to  the  right. 

Allegheny  Observatory, 
March  1903. 


THE  FLUORESCENCE   AND  ABSORPTION  SPECTRA 
OF  SODIUM  VAPOR. 

By   R.   W.  Wood   and  J.   H.    Moore. 
THE    FLUORESCENCE    OF    SODIUM    VAPOR. 

The  green  fluorescence  which  sodium  vapor  exhibits  when 
illuminated  with  an  intense  beam  of  white  light,  was  first  observed 
and  studied  by  Wiedemann  and  Schmidt.1  The  method  which 
they  employed  was  to  heat  the  metal  in  an  exhausted  glass  bulb, 
concentrating  a  beam  of  sunlight  on  the  vapor  by  means  of  a 
lens.  A  cone  of  green  light  is  seen  where  the  intense  beam 
enters  the  mass  of  metallic  vapor.  Examined  with  the  spectro- 
scope, this  light  was  found  to  consist  of  a  band  in  the  red,  a  nar- 
rower band  nearly  in  the  position  of  the  D  lines,  and  a  broad 
green  band  which  appeared  to  be  broken  up  into  channels  or 
bands.  The  wave-lengths  of  some  of  these  bands  were  roughly 
determined,  but  the  authors  do  not  appear  to  have  determined 
exactly  the  relation  which  they  bore  to  the  absorption  bands 
which  appear  in  the  same  part  of  the  spectrum. 

Inasmuch  as  we  have  at  the  present  time  no  very  satis- 
factory theory  of  fluorescence,  and  as  practically  all  quantitative 
work  has  been  done  with  solutions,  it  seemed  worth  while  to 
make  a  careful  study  of  the  relation  between  the  fluorescent 
light  emitted  by  sodium  vapor  and  the  light  absorbed  by  the 
vapor  under  the  same  conditions.  The  chief  points  of  interest 
which  have  been  brought  out  by  these  investigations  are  the 
establishment  of  the  fact  that  the  fluorescent  spectrum  coin- 
cides exactly  with  the  absorption  spectrum,  band  for  band  and 
line  for  line,  and  a  determination  of  the  relation  existing  between 
the  wave-length  of  the  light  which  provokes  the  fluorescence 
and  the  nature  of  the  fluorescent  spectrum.  The  somewhat 
remarkable  fact  has  been  ascertained  that  the  D  line  absorption 

1  M'ioi.  Ann.,  57,  447,  1S96. 
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is  in  no  way  connected  with  the  production  of  the  fluorescence, 
though  the  absorption  at  this  point  of  the  spectrum  is  much 
more  intense  than  at  any  other. 

By  means  of  improved  apparatus  we  have  not  only  been  able 
to  photograph  the  fluorescent  spectrum  by  means  of  a  concave 
grating,  but  have  been  able  to  observe  by  means  of  a  grating  the 
fluorescent  spectrum  when  provoked  by  approximately  mono- 
chromatic light  obtained  with  the  Fuess  monochromatic  illumi- 
nator. The  results  of  the  work  throw  a  great  deal  of  light  on  the 
mechanics  of  the  sodium  molecule,  and  will  doubtles  prove  of 
considerable  value  in  the  development  of  the  theory  of  fluores- 
cence. 

APPARATUS    EMPLOYED. 

The  fluorescence  as  observed  in  exhausted  glass  bulbs  is 
never  very  intense,  and  the  experiments  can  be  continued  only 
for  a  few  moments  owing  to  the  speedy  corrosion  of  the  glass 
surface.  Moreover,  it  is  not  possible  to  make  use  of  very  dense 
vapor,  the  generation  of  which  requires  a  high  temperature, 
owing  to  its  action  on  glass.  The  form  of  tube  which  was 
employed  by  one  of  us  in  a  previous  investigation  on  the  subject1 
enables  vapor  of  great  density  to  be  obtained,  but  owing  to  the 
rapid  distillation  to  colder  parts  of  the  tube,  the  experiment 
cannot  be  continued  long  enough  for  satisfactory  photographic 
records.  It  is  important  not  only  to  have  a  very  dense  vapor, 
but  also  to  have  the  vapor  confined  within  a  small  region  and 
sharply  bounded,  in  order  that  the  light  may  not  be  weakened 
by  absorption  before  it  reaches  the  denser  portions.  To  meet 
these  requirements  a  new  form  of  tube  was  designed  and  con- 
structed which  gave  admirable  results.  With  it  a  fluorescence 
ten  or  fifteen  times  as  bright  as  anything  that  can  be  secured 
with  glass  bulbs  was  obtained  and  maintained  continuously  for 
five  or  six  hours  without  recharging  the  tube.  This  tube  we  have 
had  in  action  for  fully  forty  hours,  and  it  is  only  just  beginning 
to  show  signs  of  leakage  around  the  brazed  joints,  due  to  the 
action  of  sodium  at  a  red  heat  on  the  silver,  with  which  the  joints 
were  brazed.    The  tube  can  be  very  easily  constructed,  and  when 

*  R.  W.  Wood,  Proc.  R.  S.,  69,  157;  also  Phil.  Mag.,  (6)  3,  141,  1902. 
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once  charged  can  be  used  over  and  over  again  without  any  prepa- 
ration whatever,  for  the  exhibition  of  this  most  beautiful  exam- 
ple of  fluorescence.  Its  general  form  is  shown  in  Plate  II,  Fig.  I. 
The  large  tube  was  a  piece  of  three-inch  (sixteen  gauge)  Shelby 
seamless  steel  tubing,  two  feet  in  length.  A  ten-inch  piece  of 
thin  three-fourths  inch  steel  tubing  was  brazed  with  silver  into 
the  large  tube  at  the  center,  making  a  right  angle  with  it.  (Fig. 
2,  is  a  cross  section  of  tube.) 

Immediately  below  this  tube,  and  at  a  right  angles  to  both,  a 
small  iron  crucible  was  brazed  into  the  larger  tube,  projecting 
into  its  interior  to  such  a  distance  that  its  rim  was  visible  through 
the  side  tube.  This  crucible  was  made  by  boring  out  a  three- 
fourths-inch  iron  cylinder.  A  small  piece  of  brass  tubing  was 
also  brazed  into  the  large  tube  near  one  end,  through  which  the 
whole  could  be  exhausted.  The  crucible  was  filled  with  lumps 
of  sodium,  and  the  ends  of  the  large  tube  closed  with  plate 
glass,  carefully  cemented  on  with  sealing  wax.  The  side  tube 
was  then  closed  in  the  same  manner,  and  the  whole  exhausted 
to  a  pressure  of  about  a  millimeter,  by  means  of  a  mercurial 
pump.  The  tube  was  then  sealed  off  from  the  pump,  a  small 
piece  of  glass  tubing  having  been  cemented  into  the  brass  tube 
and  drawn  down  into  a  capillary. 

The  tube  was  now  mounted  in  a  horizontal  position  and  a 
large  Bunsen  burner  placed  beneath  the  crucible,  which  was  soon 
raised  to  a  red  heat.  The  dense  sodium  vapor  poured  out  of 
the  mouth  of  the  crucible  and  gradually  condensed  on  the  cooler 
portions  of  the  tube.  Sunlight  from  a  heliostat  was  sent  down 
the  large  tube,  a  lens  placed  close  to  the  glass  window  forming 
an  image  of  the  Sun  immediately  above  the  neck  of  the  crucible. 
( )n  looking  down  the  side  tube  an  intensely  brilliant  green  cone  of 
light  was  seen,  many  times  brighter  than  anything  that  has  ever 
been  obtained  with  glass  bulbs.  The  floating  specks  of  oxide 
which  appear  when  the  tube  is  first  heated,  and  which  shine  with 
a  dazzling  white  light,  soon  disappear  and  leave  the  fluorescence 
entirely  uncontaminatcd.  It  is  apparent  that  with  this  arrange- 
ment light  enters  at  once  into  the  densest  vapor  without  suffer- 
ing    previous     loss     by    absorption    in    vapor    of    less    density. 


PLATE    II. 


Rod 
Yellow 
I),    I). 


?  B        --  J) 

x    c    >    c 


SPECTRA   OF  SODIUM  VAPOR  97 

Moreover,  the  fluorescent  light  passes  down  the  observation  tube 
without  having  to  traverse  more  than  a  very  thin  layer  of  the 
vapor,  a  matter  of  considerable  importance,  as  we  wish  to 
examine  the  fluorescent  light  unmodified  by  subsequent  absorp- 
tion. The  large  amount  of  sodium  which  could  be  stored  in  the 
crucible  enables  us  to  deliver  a  dense  stream  of  vapor  in  front 
of  the  observation  tube  for  a  very  long  time,  which  is  absolutely 
essential  if  photographic  records  are  to  be  obtained. 

SPECTRUM  OF  THE  FLUORESCENT  LIGHT! 

The  spectrum  of  the  fluorescent  light  was  first  examined  with 
a  two-prism  Steinheil  spectroscope.  The  spectrum  consisted  of  a 
red  band  and  a  green  band,  the  latter  appearing  distinctly  fluted. 
No  trace  of  any  bright  line  or  band  at  or  near  the  position  of 
the  D  lines  has  ever  been  seen  in  any  of  our  experiments.  Its 
presence  in  the  spectrum  described  by  Wiedemann  and  Schmidt, 
and  also  by  one  of  us,  may  possible  have  been  due  to  the  fact 
that  in  both  of  these  cases  the  vapor  was  contained  in  a  glass 
bulb  heated  by  a  Bunsen  burner.  This  flame,  colored  by  the 
sodium  of  the  glass,  may  have  been  responsible  for  the  appear- 
ance of  a  bright  line  in  the  place  mentioned,  a  matter  which  can 
be  very  easily  settled  by  repeating  the  experiments  with  the 
bulbs. 

The  marked  resemblance  which  the  fluted  spectrum  bears  to 
the  absorption  at  once  suggests  that  it  may  be  due  to  the  fact 
that  the  fluorescent  light  has  to  pass  through  a  certain  amount  of 
vapor  before  reaching  the  spectroscope  ;  in  other  words,  that  it 
does  not  belong  to  the  fluorescent  spectrum  at  all,  but  is  the 
result  of  absorption.  To  determine  whether  or  not  this  was  the 
case,  an  absorption  comparison  spectrum  was  formed  by  throw- 
ing some  of  the  light  which  had  passed  through  the  tube  into 
the  instrument  by  means  of  a  couple  of  mirrors  and  a  small 
right-angled  prism.  It  was  at  once  apparent  that  the  bright  lines 
and  bands  of  the  fluorescent  spectrum  were  exactly  out  of  step 
with  those  of  the  absorption  spectrum.  To  secure  a  fixed  record 
of  this  fact,  a  camera  was  attached  to  the  spectroscope  and  the 
two    spectra    photographed.     The    spectrogram    confirmed    the 
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visual  observations  in  every  respect,  but  the  dispersion  was  too 
small  to  make  the  pictures  very  satisfactory. 

A  Rowland  concave  grating  with  15,000  lines  to  the  inch, 
of  one  meter  radius,  was  then  used  in  place  of  the  spectroscope, 
and  some  excellent  photographs  were  obtained  with  an  exposure 
of  less  than  an  hour.  The  fluorescent  spectrum  was  found  to 
extend  from  wave-length  5340  to  wave- length  4600  in  the 
green  and  blue  region.  All  of  the  photographs  show  in  addition 
a  faint  solar  spectrum  extending  from  the  end  of  the  fluorescent 
spectrurn  down  to  the  H  and  K  lines.  This  is  due  to  a  small 
amount  of  white  light  which  is  scattered  by  occasional  specks 
of  oxide,  or  perhaps  reflected  from  the  wall  of  the  tube.  So 
far  as  we  have  been  able  to  determine,  the  fluorescent  spectrum 
is  not  contaminated  with  solar  lines,  since  it  is  located  in  a  less 
actinic  region,  and  the  scattered  light  is  not  of  sufficient  intensity 
to  leave  any  appreciable  record  in  this  region. 

These  photographs  brought  out  the  remarkable  fact  that  the 
fluorescent  spectrum  is  the  exact  complement  of  the  absorption 
spectrum.  The  two  spectra  were  photographed  in  contact  on 
the  same  film,  and  either  one  might  have  been  a  contact  print 
taken  from  the  other.  In  the  upper  spectrum,  for  example*  there 
were  two  broad  light  bands  with  a  fine  dark  line  down  the  center, 
while  in  the  lower  spectrum  occurred  two  broad  dark  bands 
with  bright  lines  down  the  center.  This  same  thing  was  true 
for  all  of  the  irregularities  of  shading  in  the  very  complicated 
fluted  spectrum.  A  number  of  these  photographs  are  repro- 
duced in  Plate  III,  Figs.  2  and  3.  As  most  of  the  fine  detail 
will  doubtless  be  lost  in  the  process  of  reproduction,  a  very  • 
careful  drawing  of  the  two  spectra  has  been  prepared  from 
the  original  negative,  which  is  reproduced  with  the  direct 
records.  (Plate  II,  Fig.  3.  Absorption  spectrum  above,  fluo- 
rescent spectrum  below.) 

The  fluorescent  spectrum  in  the  green-blue  region  may  be 
divided  into  three  groups  of  bands:  (l  )  those  from  X5340  to 
\  50S0,  consisting  of  six  broad  hazy  barids,  which  correspond  in 
position  to  the  fluted  bands  of  the  absorption  spectrum;  higher 
dispersion  would   doubtless   resolve   them  into  lines;    (2)  those 
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from  X5080  to  X4865,  a  group  of  irregularly  fluted  bands,  the 
heads  of  which  point  toward  the  red;  i.  e.,  they  are  strongest 
on  the  less  refrangible  side  and  shade  off  on  the  side  of  the 
shorter  wave-lengths;  (3)  those  from  X4865  to  X4600  which 
appear,  under  the  dispersion  used,  as  uniform  narrow  bands. 
The  spectrum  is  the  exact  complement  of  the  absorption 
spectrum  taken  with  the  same  instrument,  and  further  work  with 
the  concave  grating  of  fourteen  feet  radius  will  show  whether  all 
of  the  very  minute  and  narrow  lines  in  the  flutings  of  the  latter 
spectrum  are  present  in  the  former.  We  feel  sure  that  the 
spectrum  can  be  photographed  with  the  large  grating  without 
difficulty. 

Visual  observations  have  shown  that  the  red  fluorescence  is 
also  fluted,  though  the  flutings  are  only  to  be  seen  when  the 
vapor  is  very  dense  and  the  illumination  very  intense.  It  has 
not  yet  been  definitely  proven  whether  this  fluting  belongs  properly 
to  the  fluorescent  spectrum  or  is  the  result  of  absorption.  A  new 
form  of  tube  has  been  designed  which,  it  is  believed,  will  give  a 
much  denser  vapor  and  make  the  settlement  of  this  question 
possible. 

The  complementary  nature  of  the  photographs  of  the  fluores- 
cent and  absorption  spectra  might  lead  one  to  suppose  that 
the  wave-length  absorbed  was  re-emitted  without  change  of 
wave-length.  To  test  whether  or  not  this  was  the  case,  it 
was  necessary  to  illuminate  the  vapor  with  monochromatic 
light. 

The  Fuess  monochromatic  illuminator,  which  enables  one  to 
•cut  out  a  region  of  any  width  from  a  very  intense  solar  spectrum 
and  focus  this  light  at  a  definite  point  in  space,  was  arranged  so 
as  to  send  a  cone  of  violet  light  down  the  tube,  the  rays  meeting 
just  above  the  mouth  of  the  crucible.  No  fluorescence  was 
detected.  On  gradually  increasing  the  wave-length  of  the  light, 
by  turning  the  graduated  screw  which  rotated  the  prisms  of  the 
instrument,  it  was  found  that  the  fluorescence  appeared  when 
wave-length  4600  was  reached.  On  looking  into  the  end  of  the 
large  tube  a  very  beautiful  phenomenon  was  seen.  The  cone  of 
deep-blue  monochromatic   light  was   distinctly  visible,  owing  to 
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traces  of  oxide  floating  about,  while  at  the  point  where  the  rays 
met  in  the  dense  sodium  vapor  there  appeared  a  brilliant  spot  of 
grce?i  fluorescent  light.  As  the  wave-length  was  further  increased, 
this  spot  increased  in  brilliancy,  still  remaining  green,  passed 
through  a  maximum,  and  then  gradually  faded  away,  disappear- 
ing entirely  when  the  illuminating  light  became  yellow.  The 
vapor  remained  dark  until  the  wave-length  of  the  light  exceeded 
thai  of  the  D  lines,  when  the  red  fluorescence  gradually  developed, 
passing  through  a  maximum  in  the  same  manner  and  then  fading 
away. 

The  fluorescence  of  the  vapor  produced  in  this  way  was  much 
less  brilliant  than  in  the  former  experiment,  since  the  total  radiant 
energy  thrown  into  the  vapor  was  very  much  less  than  when  direct 
sunlight  was  employed  ;  still  the  light  sent  down  the  lateral  tube 
was  intense  enough  to  give  a  spectrum  when  the  Steinheil  spec- 
troscope was  directed  down  the  tube.  This  spectrum  was  very 
feeble,  however,  and  it  was  only  with  great  difficulty  that  the 
changes  could  be  followed  which  took  place  when  the  wave- 
length of  the  illuminating  beam  was  changed.  When  blue  light 
was  employed,  the  complete  green  fluorescent  spectrum  seemed 
to  be  present  with  a  maximum  intensity  at  the  yellow  end.  As 
the  wave-length  of  the  light  was  increased,  the  point  of  maxi- 
mum intensity  in  the  fluorescent  spectrum  moved  toward  the 
blue. 

The  important  bearing  which  the  phenomenon  has  on  the 
theory  of  fluorescence  made  a  more  careful  study  of  the  relation 
between  the  wave-lengths  of  the  absorbed  and  emitted  light  very 
desirable.  To  accomplish  this,  the  arrangement  of  the  apparatus 
was  changed  in  the  following  manner:  the  monochromatic 
illuminator  was  rotated  through  a  right  angle,  so  that  its  emitting 
slit  was  horizontal,  instead  of  vertical.  The  dense  sodium  vapor 
above  the  mouth  of  the  crucible  was  now  illuminated  with  a  thin 
horizontal  sheet  of  monochromatic  light  (the  image  of  the  hori- 
zontal slit  of  the  illuminator  projected  in  space  by  a  lens).  This 
arrangement,  of  course,  limits  the  fluorescence  to  a  thin  horizontal 
laver  of  vapor,  which,  when  viewed  through  the  lateral  tube, 
appears  as  a  narrow  line  of  bright  green  light.      By  viewing  the 
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sheet  of  vapor  edgewise  we  get  a  much  more  intense  light,  and 
since  its  width  is  small,  we  can  dispense  with  a  spectroscope 
entirely,  simply  viewing  it  through  a  prism  or  grating. 

A  small  transmission  grating  of  14,480  lines  to  the  inch,  which 
gives  a  first-order  spectrum  nearly  as  bright  as  a  60  °  flint  prism, 
was  mounted  in  front  of  the  lateral  tube,  and  the  line  of  fluores 
cent  light  viewed  through  it,  the  head  being  covered  with  a  black 
cloth  to  cut  out  all  extraneous  light.  It  was  found  that  by  slightly 
inclining  the  large  tube  to  the  illuminating  beam,  it  was  possible 
to  illuminate  a  minute  projection  on  the  inside  edge  of  the  lateral 
tube  with  the  monochromatic  light  which  caused  the  fluorescence  ; 
in  other  words,  the  near  end  of  the  horizontal  image  of  the  slit 
was  brought  upon  this  projection.  The  line  of  fluorescent  light 
was  thus  tipped  at  one  end  with  a  small  point  of  light  similar  to 
the  light  w-hich  produced  the  fluorescence.  The  spectrum  of  this 
small  illuminated  spot,  which  was  of  course  a  narrow  band,  fell 
alongside  of  the  fluorescent  spectrum,  enabling  a  comparison  to 
be  made  at  once.  Any  exception  to  Stokes's  law  would  make 
itself  evident  as  an  extension  of  the  fluorescent  spectrum  on  the 
more  refrangible  side  of  the  position  occupied  by  the  small  spot 
of  illuminating  light. 

Some  very  remarkable  and  significant  results  were  obtained 
with  this  disposition  of  the  apparatus.  Starting  with  violet  illu- 
mination, there  appeared  through  the  grating  only  the  small 
comparison  spot  of  light  which  moved  along  as  the  wave-length 
was  increased.  As  soon  as  wave-length  4600  was  reached,  the 
fluorescent  spectrum  appeared.  Its  appearance  is  indicated  in 
Plate  II,  Fig.  4*7.  A  strip  of  blue  fluoresent  light  continuous  with 
the  reference  spot  showed  that  light  of  the  same  wave-length  as 
the  absorbed  light  was  being  emitted  by  the  vapor.  WA  region  of 
darkness  occurred  on  the  less  refrangible  side  (usual  sense  of 
the  term),  and  then  came  a  broad  green  band  with  a  maximum 
of  intensity  on  the  end  toward  the  vcllow.  Then  came  another 
gap  extending  considerably  above  the  D  lines,  followed  bv  a 
very  faint  trace  of  the  red  fluorescent  band  (not  shown).  On 
gradually  increasing  the  wave-length  of  the  light  the  following 
changes  were  noted.     The  spot  of  reference  light,  accompanied 
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by  its  fluorescent  prolongation,  moved  up  the  spectrum,  pushing 
the  dark  region  before  it,  while  the  point  of  maximum  fluores- 
cence in  the  wide  green  band  moved  down  the  spectrum  to  meet 
the  advancing  spot.  These  changes  are  represented  in  Fig.  4  b, 
c,  d,  the  point  of  maximum  fluorescence  nearly  coinciding  in 
position  with  the  reference  spot  in  d.  On  still  further  increasing 
the  wave-length,  the  fluorescence  became  very  faint,  and  appeared 
to  extend  a  little  farther  down  the  spectrum  than  the  position 
occupied  by  the  small  spot  of  light.  This  means  an  exception 
to  Stokes's  law  when  the  wave-length  of  the  illuminating  light 
(green)  has  the  maximum  value  which  still  yields  fluores- 
cence. 

In  Plate  II,  Fig.  5,  an  attempt  has  been  made  to  represent 
these  changes  in  the  conventional  way.1  Everything  shown  in  this 
diagram  is,  however,  due  to  fluorescence,  the  deviated  continu- 
ous spectrum  of  the  light  exciting  fluorescence  having  been 
omitted.  It  will  be  seen  that  there  is  an  emission  of  fluorescent 
light  of  the  same  wave-length  as  that  of  the  exciting  light, 
which  gives  the  diagram  an  appearance  not  unlike  the  diagrams 
where  the  deviated  continuous  spectrum  is  shown.  To  make 
this  diagram  exhibit  the  changes  just  described,  one  has  only  to 
move  a  narrow  vertical  slit  across  it  from  right  to  left. 

It  was  impossible  to  tell  whether  flutings  were  present  in  any 
portion  of  the  fluorescent  spectrum  or  not,  owing  to  the  com- 
paratively wide  source,  and  small  dispersion  employed.  There 
is  no  reason  for  believing  that  they  are  not,  but  it  does  not  seem 
safe  to  assume  that  the  spectra  are  identical  when  the  fluores- 
cence is  produced  by  white  light  and  monochromatic  blue  light. 
The  extent  of  the  spectrum,  and  the  distribution  of  the  intensity 
in  it,  have  been  shown  to  be  different  in  the  two  cases,  and  the 
flutings,  say  in  the  green,  which  are  present  when  white  light  is 
used,  may  be  absent  when  the  fluorescence  is  produced  by  light 
of  much  shorter  wave-length.  To  test  this  the  spectrum  will 
have  to  be  photographed  when  the  tube  is  illuminated  with  mono- 
chromatic blue  light.  To  accomplish  this  with  the  present 
apparatus  would  probably  require  an   exposure   of  six   or   eight 

1  Mil.i.KR-I'orn.i.KT,  I. eh  r  buck  der  Physik,  II,  i,  368. 
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hours.  More  favorable  conditions  are  expected  with  a  new  form 
of  tube  now  under  construction,  and  it  seems  probable  that  we 
shall  eventually  learn  a  good  deal  about  the  dynamics  of  the 
sodium  molecule.  The  results  already  obtained  apparently  prove 
that  the  light  of  longer  wave-length  emitted  when  the  vapor  is 
fluorescing  is  not  the  result  of  damping  of  the  vibration,  as 
assumed  in  Lommel's  theory,  but  an  emission  resulting  from  the 
fact  that  the  ions  of  longer  free  period  are  set  in  vibration  either 
by  the  waves  of  shorter  period  or  by  the  ions  of  short  period 
which  are  thrown  into  vibration  by  these  waves.  It  is  not  worth 
while  to  speculate  about  this,  however,  until  the  fluorescent 
spectrum  produced  by  monochromatic  blue  light  has  been  photo- 
graphed. 

In  general,  the  fluorescence  of  a  substance  has  its  maximum 
intensity  when  the  wave-length  of  the  light  is  that  of  the  light  most 
strongly  absorbed.  Sodium  vapor  is  an  exception  to  this  rule, 
for  the  D  line  absorption,  which  is  far  more  intense  than  the 
fluted  absorption,  has  nothing  to  do  with  the  fluorescence.  On 
Lommel's  theory  of  fluorescence,  the  absence  of  any  lateral 
emission  of  light  by  an  absorbing  medium  is  explained  in  one  of 
two  ways:  either  the  absorption  is  of  waves  of  different  period 
(an  octave  below,  for  example)  from  the  free  period  of  the  ions, 
or  else  the  damping  factor  is  so  large  that  the  emitted  light  lies 
in  the  infra-red  region.  In  the  case  of  sodium  vapor,  neither 
explanation  is  sufficient  to  account  for  the  absence  of  fluorescence 
when  the  wave-length  of  the  exciting  light  is  that  of  the  D  lines, 
for,  since  Kirchhoff's  law  is  obeyed  in  this  case,  the  absorbed 
waves  and  emitted  waves  have  the  same  period,  and  the  absorp- 
tion is  a  resonance  phenomenon  ;  moreover,  the  damping  factor 
must  be  very  small,  since  we  have  interference  with  large  path- 
difference  in  the  case  of  sodium  light.  The  non-luminous  vapor 
employed  in  these  experiments  may,  of  course,  be  in  a  different 
state  from  the  vapor  in  a  sodium  flame,  but  even  if  this  be  the 
case,  it  does  not  seem  justifiable  to  assume  a  large  amount  of 
damping,  for  this  should  cause  a  displacement  of  the  absorption 
lines  with  reference  to  the  position  which  they  occupy  in  the 
case  of  absorption  by  a  sodium  flame. 
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It  is  worthy  of  note  that  lines  corresponding  in  position  to 
the  fluted  bands  are  absent  in  the  emission  spectrum  of  sodium 
vapor,  except  perhaps  in  the  case  or.  the  temperature  emission 
studied  by  Evershed,  which  does  not  appear  to  have  been  studied 
under  high  dispersion. 

There  seems  to  be  no  way  of  explaining  the  emission  of  the 
green  light  when  the  vapor  is  illuminated  with  blue  light.  It 
cannot  be  the  result  of  the  damping  of  the  ions,  whose  free 
period  is  that  of  the  blue  light,  for  it  is  in  all  probability  a  dis- 
continuous spectrum  complementary  to  the  fluted  absorption 
spectrum. 

It  will  be  interesting  to  see  whether  the  absorption  of  the 
vapor  is  directly  affected  by  the  circumstance  that  it  is  fluorescing 
at  the  same  time.  This  was  found  to  be  the  case  in  some  exper- 
iments made  by  Burke  upon  uranium  glass.  It  is  also  important 
to  determine  in  what  way  the  absorption  and  fluorescence  are 
influenced  by  pressure.  These  matters  will  be  investigated  in 
the  near  future. 

The  statement  that,  when  the  wave-length  of  the  exciting 
light  is  that  of  the  D  lines,  no  fluorescence  is  produced,  requires 
modification.  Strictly  speaking,  this  is  not  true,  though  it  is 
almost  certain  that  the  D  line  absorption  is  in  no  way  responsi- 
ble. This  is  due  to  the  fact  that  the  beam  from  the  monochro- 
matic illuminator  is  not  strictly  monochromatic,  being  in  fact  a 
band  varying  from  ten  to  twenty  Angstrom  units  in  width.  As 
we  shall  show  in  the  part  of  this  paper  dealing  with  the  fluted 
absorption  of  the  vapor,  the  fine  lines  can  be  traced  up  to  the 
verv  edges  of  the  broad  band  produced  by  the  widening  of  the 
D  lines  when  the  vapor  is  very  dense.  It  is  unquestionably  the 
absorption  at  these  lines  which  gives  rise  to  the  very  feeble 
reddish  fluorescence  which  can  be  seen  when  the  light  furnished 
by  the  monchromatic  illuminator  is  symmetrical  about  the  D 
lines.  Strictlv  monochromatic  light  of  the  wave-lengths  of  D, 
and  1):,  no  matter  how  intense,  we  feel  sure  would  produce  no 
fluorescence,  unless  the  flutings  actually  cross  this  region,  which 
is  very  likely  the  case.  The  only  light  which  produces  no  fluor- 
escence is   green    light  in  the  vicinity  of  X5530  and    the   violet 
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below  X4600,  which,  as  we  have  shown,  is  all  that  is  transmitted 
by  the  vapor  when  it  is  very  dense. 

THE    ABSORPTION    SPECTRUM    OF    SODIUM    VAPOR. 

The  fluted  absorption  spectrum  of  sodium  vapor  was  first 
observed  and  studied  by  Roscoe  and  Schuster  in  1874.  Subse- 
quent investigations  were  made  by  Liveing  and  Dewar  in  con- 
nection with  their  work  on  the  reversal  of  the  lines  of  metallic 
vapors,  and  also  by  one  of  the  writers. 

Previous  experiments  by  one  of  us  having  shown  that  it  was 
impossible  to  secure  photographs  of  the  fluted  spectrum  with 
the  concave  grating,  using  the  arc  as  a  source  of  light,  that  were 
not  contaminated  by  bright  lines  from  the  vapor  of  the  lamp,  it 
was  necessary  to  find  a  source  of  light  of  great  intensity  and 
having  a  continuous  spectrum.  After  experimenting  with  vari- 
ous sources  of  light,  we  finally  adopted  the  Nernst  lamp,  which 
was  found  to  fulfil  the  conditions  specified. 

In  the  first  series  of  experiments  the  sodium  was  vaporized 
in  an  atmosphere  of  hydrogen,  generated  by  electrolysis,  and 
dried  by  passage  over  calcium  chloride  and  phosphorus  pentox- 
ide.  In  order  to  remove  traces  of  oxygen  which  caused  the 
tube  to  smoke,  the  gas  was  finally  passed  over  red-hot  copper 
gauze.  The  metal  was  heated  in  tubes  of  thin  steel,  the  ends  of 
which  were  closed  with  plate  glass.  In  the  later  experiments  the 
tubes  were  exhausted  with  a  mercury  pump,  and  the  metal 
volatilized  in  a  vacuum.  The  latter  method  was  found  to  be 
most  satisfactory.  The  spectra  were  found  to  be  identical  in  the 
two  cases. 

The  tubes  were  either  heated  by  means  of  Bunsen  burners, 
or  by  a  coil  of  No.  20  iron  wire,  insulated  from  the  tube  by  a 
thin  layer  of  asbestos  board.  The  vapor  is  more  uniform  when 
the  tube  is  heated  electrically,  for  if  the  upper  side  of  the  tube 
is  colder  than  the  lower,  a  non-homogeneous  medium  results, 
the  density  being  greatest  along  the  floor  of  the  tube.  A 
Bunsen  burner  is  better,  however,  for  some  experiments,  where 
a  very  dense  vapor  is  required.  With  it  the  metal  does  not  distil 
so  rapidly  to  the  colder  parts  of  the  tube,  and,  with  careful  reg- 
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ulation  of  the  flow  of  gas  to  the  burner,  it  was  used  very  suc- 
cessfully in  many  of  the  experiments. 

The  absorption  spectrum  was  photographed  with  a  fourteen- 
foot  concave  grating  in  the  first  order,  the  time  of  exposure 
varying  from  twenty  minutes  to  an  hour,  according  to  the  den- 
sity of  the  vapor.  The  second-order  spectrum  was  observed 
from  time  to  time  during  the  exposure,  in  order  to  keep  the 
density  of  the  vapor  properly  regulated. 

It  was  found  that  the  best  results  were  obtained  with  a  slit- 
width  of  0.065  mm.  The  width  of  the  slit  for  the  iron  compar- 
ison spectrum  was  0.030mm.  In  order  to  eliminate  any  errors 
due  to  changing  the  width  of  the  slit,  photographs  were  taken 
of  both  spectra  with  a  slit-width  of  0.030  mm,  and  the  measure- 
ments made  with  the  two  sets  of  plates  compared.  The  plates 
were  measured  on  the  dividing  engine  of  the  laboratory,  and  the 
measurements  can  be  considered  accurate  to  writhin  0.05  of  an 
Angstrom  unit.  The  ultra-violet  region  was  explored  in  the 
same  manner,  using  a  tube  closed  with  quartz  plates.  No  traces 
of  any  flutings  were  found,  but  the  lines  of  the  principal  series 
were  strongly  reversed. 

The  fluted  absorption  spectrum  makes  its  first  appearance 
when  the  D  lines  are  two  or  three  Angstrom  units  in  width.  It 
begins  as  nine  bands,  the  heads  of  which  point  toward  the  violet 
end  of  the  spectrum,  i.e.,  in  each  band  the  absorption  decreases 
from  the  head  toward  the  longer  wave-lengths.  The  heads  of 
the  bands  as  they  first  appear  are: 


I. 

4783.35 

VI. 

4932.97 

II. 

4S09.92 

VII. 

4962.96 

III. 

4837.72 

VIII. 

5001.94 

IV. 

4865.60 

IX. 

5040.71 

V. 

4894.94 

There  is  also  evidence  of  absorption  lines  in  the  first  seven 
bands.  These  lines,  however,  do  not  come  out  strong  at  this 
stage,  but  appear  as  a  slight  shading  on  the  bright  background. 
In  Band  I  can  be  seen  the  line  X4793.10;  in  Band  II,  line 
\4820.72;  in  Band  IX,  X5053.50,  and  in  Band  VII,  X4979.2S, 
which    appear  as  fainter   heads  of  small    bands   into  which  the 
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others  break  up.  Bands  V  and  VI  are  about  the  center  of  the 
region  of  absorption. 

A  very  slight  increase  in  the  density  of  the  vapor  is  sufficient 
to  bring  out  the  heads  of  the  bands  as  strong  dark  lines,  as  well 
as  the  fainter  heads  in  the  bands  themselves.  The  bands  are 
now  seen  to  be  made  up  of  an  immense  number  of  lines,  some 
of  which  are  broad  and  some  exceedingly  fine,  and  in  some  of 
the  bands  there  is  an  appearance  as  if  two  series  were  super- 
posed. 

At  this  time  the  region  of  absorption  extends  from  about 
X4600  to  \5200,  a  series  of  three  bands,  the  more  refrangible 
edges  of  which  are  broken  up  into  smaller  bands,  appearing 
between  X5079  and  \5200,  and  a  scries  of  twelve  bands,  each  of 
which  is  divided  into  smaller  bands  coming  into  view  between 
X4780  and  \4600.  The  wave-lengths  of  the  principal  lines  in 
the  fluted  spectrum  have  been  carefully  measured  by  comparing 
them  with  standard  lines  in  the  iron  spectrum. 

A  fluted  absorption  spectrum  makes  its  appearance  in  the  red 
and  orange  portion,  when  the  density  of  the  vapor  is  such  as  to 
give  the  green-blue  flutings  at  their  best.  This  spectrum  has 
not  been  photographed  and  measured  at  the  present,  owing  to 
the  difficulty  of  getting  plates  sufficiently  sensitive  to  the  red. 
The  Erythro  plates,  which  were  used  by  one  of  us  in  securing 
photographs  of  this  region  with  a  fourteen-foot  grating  some 
years  ago,  are  no  longer  on  the  market,  and  the  few  experiments 
which  we  have  made  in  sensitizing  our  own  plates  have  been 
only  partially  successful.  This  region  will  be  studied  as  soon 
as  suitable  plates  can  be  obtained. 

As  the  density  of  the  vapor  is  further  increased,  the  greenish- 
blue  region  disappears  entirely,  and  the  fine  lines  can  be  traced 
nearly  up  to  wave-length  5400  from  the  blue  end  of  the  spectrum, 
and  from  the  red  end  they  are  seen  to  fill  the  spectrum  quite 
up  to  the  broad  D  line  absorption,  which  is  now  forty  Angstrom 
units  in  width.  On  crossing  this  broad  black  band  the  i\nG 
lines  make  their  appearance  again,  which  makes  it  seem  prob- 
able that  the  red  fluted  spectrum  crosses  the  region  occupied  by 
the  D  lines.     A  further  increase  in  the  density  results  in  blotting 
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out  the  red,  orange,  and  yellow  completely,  leaving  only  a  rather 
narrow  green  region,  the  center  of  which  is  at  wave-length  5530, 
and  the  violet  below  \4600.  The  color  of  the  transmitted  light 
is  now  a  very  deep  violet.  The  fine  lines  can  be  pushed  into 
the  green  band  from  its  opposite  edges,  and  traces  of  them  have 
been  found  all  through  it.  Finally  a  very  black  broad  band 
appears  at  the  center  of  the  green  strip,  which  in  a  spectroscope 
of  small  dispersion  appears  as  a  rather  narrow  line.  The  center 
of  this  band  is  at  wave-length  5530,  approximately.  We  have 
not  been  able  to  photograph  it  with  the  grating,  owing  to  the 
feebleness  of  the  light,  and  the  difficulty  of  keeping  the  vapor 
at  this  great  density  for  a  sufficient  length  of  time;  but  its  posi- 
tion was  determined  visually  with  a  grating  of  about  eight  feet 
radius.  This  band  has  been  seen  by  previous  observers  (Liveing 
and  Dewar)  and  is  described  as  persisting  until  the  last  traces  of 
the  fluted  spectrum  disappeared,  as  the  vapor  cooled  off.  We 
cannot  understand  this,  for  we  have  found  it  only  when  the 
vapor  had  the  maximum  density  attainable,  namely,  when  the 
blast-lamp  played  directly  against  the  bottom  of  the  tube,  rais- 
ing it  to  a  bright  red   heat. 

In  order  to  see  if  an  increase  in  the  length  of  the  absorbing 
column  of  the  vapor  produced  the  same  effect  as  increasing  the 
density  of  a  short  column,  a  steel  tube  five  feet  in  length  was 
used.  In  this  were  placed  eight  lumps  of  sodium  of  the  same 
size,  at  intervals  of  about  six  inches.  Eight  Bunsen  burners  were 
regulated  so  that  when  one  of  them  was  placed  under  a  lump  of 
sodium  the  D  lines  were  strongly  reversed,  but  no  trace  of  the 
fluted  spectrum  appeared.  On  adding  burner  after  burner,. 
exactly  the  same  sequence  of  events  were  observed  as  in  the 
previous  experiments,  where  the  density  of  the  vapor  was 
increased  by  raising  the  temperature  of  the  tube.  Though  this 
was  to  be  expected,  it  seemed  worth  while  to  try  the  experi- 
ment. 

We  have  measured  the  wave-lengths  of  about  460  of  the 
strongest  lines  between  wave-lengths  4616  and  5738,  which  are 
<nven  in  the  following  tables  : 
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WAVE-LENGTHS     OF      THE     PRINCIPAL     LINES     AND     BANDS     IN     THE 
ABSORPTION     SPECTRUM. 


Group  A.    A  4600-5200. 


Wave- 
Length 

! 

Character    1 

Wave- 
Length 

Character 

Wave- 
Length 

Character 

Wave- 
Length 

Character 

4616.42 

f 

4815.84 

8b 

4858.05 

7  fine 

4889.84  ! 

8 

52.04 

f 

16.49 

6  fine      \ 

58.75 

8 

90.75 

7 

52.18 

b.h.       ; 

17.14    | 

7  fine 

59.67 

7 

91-52 

9 

59.60 

b.h.       ; 

17.64    | 

8  fine 

60.41 

8 

92.43 

7  fine 

84.69 

tine         1 

18.57    | 

8  b 

60.99 

fine 

93.28 

10  b 

92.89 

7 

I9.64 

8 

6l  .52 

fine 

94-13 

6  fine 

4704.36 

1 

20.72 

7 

61.78 

fine 

95.00 

II  0.7 

07.09 

7             1 

21.88 

8 

62.21 

9 

wide 

09.72 

1             1 

23.15 

7  fine     1 

63.02 

fine 

96.06 

4 

18.29 

7             1 

23-82 

8 

63.78 

6  b.h. 

97-02 

8 

21.33 

8             { 

24.46 

8  fine 

64.45 

fine 

97-92 

6 

24.42 

8             1 

25.81 

7  fine 

64.88 

7  fine      1 

98.96 

7  b.h. 

28.82 

8 

26.58 

8  fine 

65.67 

II  broad 

99.99 

6 

32.77 

6 

2727 

7  fine 

0.4  wide 

4900.94 

9 

35-78 

6b 

27.99 

8  tine 

66.64 

7 

01.86 

8 

36.67 

8             '• 

28.66 

9  fine 

67.44 

7 

02.64 

4  fine 

40.95 

8  tine 

30.28 

8  b.h. 

68.53 

7 

04.96 

6 

47.56 

8  fine 

32.83 

8 

69-54 

8 

0579 

7  fine 

58.55 

7  b.h. 

33-47 

9b 

70.01 

10  b.h.  Hs 

06.43 

4 

51.96 

8.5 

35-36 

fine 

70.44 

7  fine      | 

07.16 

7  b.h. 

53-83 

8.5         1 

36.10 

fine         | 

71-33 

8  b 

08.22 

9 

58.68 

9 

36.51 

7 

72.05 

tine 

08.84 

tine 

60.85 

7  fine      j 

36.93 

7             ' 

72-59 

fine 

09-47 

9 

61.86 
63.05 

7  fine 

8  fine 

37-71 

H 
broad  head 
0.5  wide      j 

73-01 
73.50 

fine 
fine 

10. 12 
10.73 

tine 
8 

64.98 

9b 

38.92 

9  b.h.      1 

73-93 

fine 

11. 41 

6 

66.88 

9  fine  Hs 

39.88 

8  b.h.      ! 

74.46 

fine 

12.88 

7 

66.99 

6  fine  Hs 

40.86 

9 

,       74-93 

8 

13-57 

7 

70.45 

7b 

41 .60 

9 

1       75-55 

fine 

14.26 

8 

71-47 

7 

42.40 

8  b 

75-95 

fine          1 

15.09 

tine 

77-63 

8  fine  Hs  ! 

43-M 

9  fine 

1       76.55 

7 

15.00 

0 

81.43 

10 

44.01 

9  fine 

1       77-11 

8 

16.62 

6  tine 

82.32 

8  b 

44.92 

9 

7777 

7  tine      | 

17-52 

7  tine 

83.35 

H  10  b 

45.83 

8  fine 

78.31 

S 

18.27 

7 

89.83 

9  fine 

46.84 

10 

78.93 

8  fine 

19. 10 

4 

90.84 

9  fine 

47.98 

7  fine 

79.52 

0 

19    09 

8  tine 

93.00 

10  fine  Hs 

49.12 

7 

80.16 

8-5 

2 1  .  66 

6  b.h. 

95-30 

10  b 

49-75 

fine 

1       80.80 

9-5 

22.52 

!     6 

09  •  30 

10  fine 

50.39 

9 

1       81. qi 

7  fine 

23.40 

2 

4800.74 

8  fine 

5i-oo 

fine 

82.22 

10 

24-33 

7 

02.8b 

8  fine 

51.61 

9 

82.93 

7  tine 

25.28 

7 

04.62 

10 

52.27 

fine 

83.63 

10 

27.11 

faint 

05-77 

9 

52.89 

9 

84.33 

7  tine 

28.  14 

1     7 

06.46 

6  fine 

53-65 

fine 

85.17 

8 

20.13 

7  , 

07.20 

9b 

54-35 

9 

S5.8S 

8 

31 .22 

7  tine 

07.90 

7b 

55-o6 

fine 

86.59 

8 

32.20 

7  tine 

09.93 

[18  b.h. 

55-74 

9 

87.42 

7  fine 

33-03 

II  0.7 

10.68 

10 

56.54 

7  fine 

8S.1S 

9 

w  iile 

13-68 

7  fine 

!      57-32 

7  b.h. 

89.06 

1 

7 

33-70 

tine 

no 
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WAVE-LENGTHS     OF     THE     PRINCIPAL     LINES     AND     BANDS     IN     THE 
ABSORPTION     SPECTRUM Continued. 

Group  A.    A  4600-5200. 


Wave- 
Length 

Character 

|       Wave. 
Length 

Character 

1       Wave- 
1      Length 

Character 

j 

1       Wave- 
Lcngth 

Character 

4934-27 

7 

4970.74 

8  fine 

5002.55 

7  fine 

5034.36 

fine 

35-22 

9 

71.21 

fine 

06.31 

fine 

35o8 

7b 

36.04 

7 

71.68 

8  fine 

06.90 

7  fine 

36-33 

5b 

37.00 

fine 

l         72.09 

fine 

07.62 

7  fine 

37-34 

8  fine 

37.6i 

7  b.h. 

1         72.61 

8  fine 

08.38 

fine 

38.17 

fine 

38.80 

6 

!         73-16 

fine 

08.78 

7  fine 

39.52 

fine 

39-54 

7 

!       73-70 

7  fine 

09.26 

fine 

40.02 

fine 

40.26 

fine 

.       74.28 

fine 

O9.76 

7  fine 

40.94 

H.  b.  0.9 

40.74 

fine 

I       74-40 

8 

IO.24 

7  fine 

wide 

41.29 

fine 

1       75.41 

fine 

10.68 

7  fine 

42.58 

7 

42.23 

6  fine 

75-98 

8 

11.26 

7  fine 

,         43-44 

fine 

43-16 

7 

76.61 

7 

II.77 

7  fine 

44-93 

fine 

43-  82 

fine 

j       77.17 

9 

12.36 

7  fine 

44-59 

fine 

44-37 

8 

77.85 

fine 

12.83 

7  fine 

48.81 

6 

44-97 

7 

1       78.45 

8 

13.38 

7  fine 

53-39 

6  lis 

45-53 

fine 

1       79-20 

4 

13-99 

7  fine 

53-49 

10  Hs 

46. 10 

7 

1       79.91 

6 

14.50 

7  fine 

1        54.46 

8  b.h. 

40.72 

7 

80.56 

7 

15.13 

7  fine 

56.  q6 

8  b.h. 

47-49 

7  fine 

81  .26 

8 

15-77 

7  fine 

58.34 

7 

48.07 

7  fine 

82.00 

6 

16.47 

7  fine 

58.97 

7 

49-24 

8 

82.65 

7 

17.06 

7  fine 

61.07 

7 

50.  OS 

8 

84.08 

8 

17-77 

7  fine 

62.79 

7 

50.83 

fine 

86.52 

6 

18.38 

7  fine 

63.38 

8 

51 .  50 

8 

87.18 

6  fine 

19.05 

7  fine 

64.11 

fine 

52.23 

J  fine 

88.19 

6 

1       1968 

6  fine 

64.84 

h 

52.07 

2  tine 

88.98 

10  b 

1       20.42 

8 

1       66. 6q 

7 

54-30 

10  I) 

90 .  90 

5             1 

21.14 

6  fine 

6737 

7 

50.80 

91.52 

tine          I 

1       21.89 

8 

68.29 

b 

57-70 

2  fine 

1       92.56 

9b 

1       22.61 

6 

09 .  08 

0  b 

50-43 

8 

93.34 

fine         ' 

23-37 

7 

69.82 

7b 

00 . 1  5 

fine 

91-18 

5  b.h.      ' 

24.18 

6  fine 

80.38 

H  10  tine 

6 1  .  00 

0 

95- 15 

4  fine 

24.99 

7 

87-37 

11  7  b 

02.  13 

fine 

90. 11 

fine 

25-77 

5 

95.8c; 

9  H 

03.0  j 

II 

l       0O.53 

fine 

26.33 

7 

5118.78 

lis  b 

03 .  So 

f.h. 

97-29 

3  b 

27.37 

fine 

26.84 

b 

o'j.ss 

10  b.h. 

f)S .  05 

8  b 

28.21 

8 

33-8o 

H*  b 

00.  Si 

line 

,        00.25 

8 

28. 9S 

7  fine 

41.27 

Hs  b 

('7- v  ' 

fine 

5000.09 

0  1) 

29.99 

8 

08.70 

8  |,.h. 

00.  SO 

6 

30.73 

7  fine 

(•0.31 

fine 

01.84  1 

!I  0.7  wide 

31-76 

8 

60.77  ! 

7  line 

1 

wide 

32.53 

6 

70.  J 3 

tine          ' 

02.17  , 

fine 

33-47 

5 
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Group  C.    a 5300-5700. 

The  lines  of  this  group  are  all  of  about  the  same  intensity  and  very  faint. 
Only  the  strong  lines  of  intensity  8  or  greater  are  marked. 


&    |    Cha"c «* 

1       Wave- 
Length 

Character 

Wave- 
Length 

Character 

Wave- 
Length 

Character 

5269.38  1 

5409.78 

5572.53 

5651.94 

broad  and 

75-34 

1496 

74.82 

strong  8 

70.58 

16.52 

75.90 

52.80 

strong 

5305.68 

18.90 

76.81 

54-27 

strong 

11.47 

25.42 

81.86 

55.83 

17.65 

26.20 

83.07 

59-97 

strong 

25.64 

i        32.68 

84.59 

64. 12 

30.61 

1        33-63 

93-45 

strong  8 

65.63 

broad 

34.85 

i       39-25 

94.87 

strong  8 

7125 

37.70 

1       40-33 

5602.04 

broad 

72.68 

strong  8 

43.66 

i    41-36 

'.        03.34 

broad 

79.03 

strong  8 

46.47 

!    48.20 

i        07.60 

83.01 

strong  8 

49.67 

52.94 

1 

12.31 

84.30 

52.44 

58.09 

13.78 

89.70 

58.36 

63.11 

19.09 

strong  8 

97.87 

strong  and 

65-31 

82.21 

20.56 

strong  8 

broad  9 

66.  oq 

96.99 

26.31 

strong  8 

,  5706.08 

strong  and 

70.28 

5502.48 

28.13 

strong  8 

broad  9 

7123 

23.48 

1 

32.79 

|       10.84 

strong  8 

78.19 

28.58 

.       36.90 

12.48 

82.12 

30.44 

38.02 

13-56 

83.38 

1    33.16 

41.18 

14.72 

84.33 

3589 

42.26 

1723 

90.46 

40.03 

43-55 

broad 

18.05 

91 .41 

59.52 

! 

45-37 

broad 

20.82 

97-77 

62.8s 

46.92 

broad 

34.78 

98.46 

64.28 

1           48.78 

}0 .  89 

5402.61 

65.70  '          '    49.60 

'       38.32 

03.90 

1           1 

1 
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THE  SPECTRUM  OF  HYDROGEN. 

By  Louis  A.  Parsons. 

Angstrom1  was  the  first  to  observe  the  hydrogen  spectrum. 
In    1853,   upon   examining  the  light  from  an  electric  spark   in 
hydrogen  at  atmospheric  pressure,  he  noticed  "an  intense  line  in 
C  not  clearly  limited,  and  two  maxima  in  F  and  G;  and  a  third 
maximum  in  //  was  observed  later."     Pliicker  and   Hittorf2  were 
the  first  to  employ  glass  tubes  with  metallic  electrodes  and  pro- 
vided with  capillary  portions,  and  to  study  the  spectra  of  gases 
at  low  pressure  which  were  rendered  luminous  by  an  electric  dis- 
charge.    They  found    that    the    spectrum    of    some  gases  they 
examined  was  different  when  they  employed  a  condenser  in  the 
discharge  circuit  of  their  induction  coil,  from  that  produced   by 
the  induction  coil  alone,  and  concluded  that  the  former  was  due 
to  higher  temperature  resulting  from  the  condenser  discharge. 
They  obtained  by  means  of  the  condenser  discharge  in  hydrogen 
the  three  bright  lines  which  they  designated  as  Ha,  H/3,  and  Hy. 
These  lines  they  found  expanded  as  the  pressure  of  the  gas  was 
increased,  and  at  high  pressures  the  spectrum  was  transformed 
into  a  continuous  one  with  Ha  as  a  broad  band   rising  from  it. 
Without    the    condenser    they    observed    another    spectrum    of 
hydrogen,  M  consisting  of  very  many  bright  fine  lines,  especially  in 
the    neighborhood    of   the   sodium    line.     This   spectrum, "  they 
observed,  "may  be  seen  simultaneously  with  the  three  character- 
istic lines  Ha,  Hfi,  and  Hy ;  but  at  increased  temperature,  when 
these  lines  begin  to  expand,  it  entirely  disappears."     With  water 
vapor  alone  they  obtained  the  lines  Ha,  Hfi,  and  Hy. 

There  are  now  generally  recognized  two  spectra  of  hydrogen  : 
(1)  the  "elementary"  or  "four-line"  spectrum,  and  (2)  the 
manv-line  spectrum.  The  former  includes  the  lines  Ha,  H/3,  Hy, 
and  Ilh  in  the  visible  portion,  the  last  of  which  was  soon  added 
to  the  three  given  by  Pliicker  and  Hittorf,  and  nine  lines  in  the 
ultra-violet.     The  many-line  spectrum  has  also  been  designated 

x  Phil.  JA/^.,  (4)  42,  395,  1S71.  *FhiL  Tram.,  155,  I,  1865. 
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as  the  •' compound  spectrum "  or  the  "secondary  spectrum." 
The  work  of  various  observers  has  shown  that  the  two  spectra 
may  exist  together,  and  that  in  general  as  the  lines  of  the  ele- 
mentary spectrum  broaden  the  compound  spectrum  disappears. 
The  question  was  early  raised  as  to  what  caused  the  broadening 
of  the  lines,  and  what  determined  the  presence  of  one  spectrum 
or  the  other.  Plucker  and  Hittorf,  Wullner,1  and  others2  believed 
that  the  broadening  of  the  lines  and  the  change  in  the  four-line 
spectrum  was  due  to  increased  temperature.  Others  believed 
the  effect  was  due  to  pressure,3  and  still  others  that  the  intensity 
of  the  electric  discharge  was  the  controlling  factor.4 

Trowbridge  and  Richards  in  18975  found  that  a  continuous 
discharge  from  their  high  potential  storage  battery  of  5,000 
cells,  obtained  by  attaching  the  terminals  directly  to  the  elec- 
trodes of  the  vacuum  tube  with  a  high  resistance  in  series, 
always  gave  a  white  glow  in  the  capillary  and  the  many-line 
spectrum  of  hydrogen,  while  the  discharge  from  a  condenser  of 
considerable  capacity  gave  the  four-line  spectrum,  the  color  of 
the  discharge  being  deep  red.  The  introduction  of  self-induction, 
or  of  resistance  to  damp  the  oscillations,  changed  it  back  to  the 
many-line  spectrum.  They  believed  that  one  spectrum  was 
characteristic  of  the  oscillatory  and  the  other  of  the  non- 
oscillatory  discharge,  the  character  of  the  electric  discharge 
being  the  determining  factor. 

Further  work,  in  which  he  employed  his  enlarged  battery  of 
20,000  cells,  however,  led  Trowbridge  to  abandon  this  idea6  and 
to  come  to  the  conclusion  that  the  many-line  spectrum  is  the 
true  spectrum  of  hydrogen,  while  the  so-called  four-line  spectrum 
is  due  to  water  vapor;  the  existence  of  the  four  lines  in  the  solar 
spectrum  being,  as  he  believed,  due  to  the  presence  of  water 
vapor  in  the  Sun.  His  reasons  for  the  conclusion  were  :  ( 1 )  With 
powerful  condenser  discharges  in  apparently  dry  hydrogen  he 
always  obtained  the  four-line  spectrum,  and  essentially  the  same 

x  Phil.  Mag.,  (4)  37,  405,  1869.  "Fikvkz,  Comptes  Rendus,  92,  521,  1SS1. 

'Schuster,  Brit.  Assoc.  Rep.,  39,  1S73. 

♦Stearn  and  Lee,  Phil.  Mag.,  (4)  46,  406,  1873. 

sPhil.  Mag.,  (5)  43>  135-  ^91-  b  Ibid.,  (5)  50,  338,  1900. 
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spectrum  whether  the  tube  was  filled  with  nitrogen,  air,  or 
hydrogen,  notwithstanding  the  greatest  care  taken  in  drying  the 
tubes.  He  believed  it  was  impossible  to  so  thoroughly  dry  glass 
tubes  as  to  remove  all  water  vapor,  and  that  the  water  on  the 
glass  is  torn  off  by  the  powerful  condenser  discharges.  (2)  The 
four-line  spectrum  was  easily  obtained  in  all  cases  where  water 
vapor  was  known  to  be  present.  (3)  After  a  partial  melting  of 
the  aluminium  electrodes  it  was  difficult  or  impossible  to  get  the 
many-line  spectrum  (owing  to  the  formation  of  compounds),  but 
the  four-line  spectrum  was  obtained  as  easily  as  before  with  the 
powerful  condenser  discharges. 

In  a  later  paper  Trowbridge1  described  some  further  experi- 
ments on  high  potential  discharges  through  hydrogen.  In  one 
experiment,  by  using  heavy  copper  electrodes  he  obtained  bv 
means  of  a  continuous  current  a  deposit  of  bright  copper  around 
the  kathode  and  of  oxidized  copper  at  the  anode,  "the  dissocia- 
tion of  the  water  vapor  thus  showing  an  electrolytic  action 
closely  analogous  to  that  of  a  voltaic  cell."  He  repeats  his 
conviction  "that  the  so-called  line  spectrum  of  hydrogen  cannot 
be  considered  apart  from  the  spectrum  of  water  vapor,"  and  is 
also  "led  to  the  conclusion  that  a  certain  amount  of  water  vapor 
is  essential  to  all  electrical  discharges  through  gases."  He 
says:  "Just  as  aqueous  vapor  seems  to  play  an  important  role 
in  most  chemical  reactions,  so,  it  seems  to  me,  its  presence  in 
rarificd  gases  enables  dissociation  to  take  place  which  deter- 
mines the  strength  and  character  of  the  electrical  discharge;" 
and  in  another  place:  "The  passage  of  electricity  through  a  gas 
depends  on  the  dissociation  of  the  hydrogen  and  oxygen,  by 
means  of  which  change  in  the  distribution  of  energy  the  gases 
are  made  luminous."  While  still  holding  that  the  four-line 
spectrum,  as  distinguished  from  the  many-line  one,  is  that  of 
water  vapor,  he  here  advances  to  the  idea  that  water  vapor  is 
essential  to  all  electric  conduction,  in  that  it  makes  possible  the 
passage  of  the  current.  During  the  passage  of  the  current 
there  may  be  produced  the  characteristic  spectrum  of  the  gas 
and  also  the  spectrum  of  water  vapor.     In  a  recent  article  Trovv- 

1  Amer.  Jour.  Sci.,  12,  3  10,  IQOI. 
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bridge  speaks  of  another  spectrum  of  water  produced  by  con- 
denser discharges  of  great  intensity  giving  a  brilliant  white  light, 
which  spectrum  is  continuous  throughout  the  visible  portion  and 
consists  of  bands  in  the  ultra-violet.  These  "spectra  of  water 
vapor'1  he  believes  are  spectra  arising  from  dissociation  of  water 
molecules. 

J.  J.  Thomson  in  1 895  *  ob- 
served what  appeared  to  be  elec- 
trolysis of  hydrogen  gas  in  a 
vacuum  tube,  or  the  separation 
of  positive  and  negative  hydro- 
gen ions.  Using  a  tube  with  a 
metallic  diaphragm,  and  allowing 
the  current  to  run  in  one  direction 
for  some  time,  he  obtained  the 
Ha  line  strong  on  the  positive 
side  of  the  plate  and  H/3  faint, 
while  the  reverse  was  true  on 
the  negative  side.  His  interpre- 
tation was  that  on  the  negative- 
side  there  was  an  excess  of  posi- 
tively charged  hydrogen  ions, and 
on  the  positive  side  of  nega- 
tively charged  hydrogen  ions, 
the  former  having  a  natural  vibration  giving  H/3  and  the  latter 
one  corresponding  to  Ha.  He  also  obtained  by  passing  the 
current  in  one  direction  for  a  time  through  a  mixture  of  hydrogen 
and  chlorine,  the  hydrogen  lines  bright  near  the  kathode  and 
the  chlorine  lines  weak  or  absent,  and  the  reverse  at  the  anode. 
This  experiment  was  called  in  question  by  Morris-Airey  2  work- 
ing in  Kayser's  laboratory,  who  believes  that  these  effects  were 
due  merely  to  temperature  differences.  lie  employed  two  tubes, 
connected  as  shown  in  the  figure,  running  a  continuous  current 
through  a  mixture  of  chlorine  and  hydrogen  between  electrodes 
A  and  B  until  the  chlorine  lines  practically  disappeared  and  the 
hydrogen    lines  became   very  bright   at   the    kathode,  and   then 

1  ,Vtf/7//r, 52,451,  1895.  *  Phil.  A/ufr.J^)  49,  307,  1900. 


I  1 6  LOUIS  A.  PARSONS 

he  immediately  sealed  off  the  tubes  at  c  and  c' .  Afterwards 
when  they  were  used  as  separate  tubes  they  gave  identical 
spectra. 

In  a  number  of  the  Philosophical  Magazifie  about  a  year  ago, 
Lewis1  discussed  "the  role  of  water  vapor  in  gaseous  conduc- 
tion" suggested  by  Trowbridge's  paper.  He  says  :  "  It  seems 
that  the  complete  removal  of  water  vapor  from  vacuum  tubes  is 
perhaps  possible,  and  still  the  hydrogen  or  other  gases  contained 
therein  may  transmit  the  current  and  give  their  characteristic 
spectra."  Dcslandres,  Wiedemann,  and  Lewis  himself  all  found 
that  by  heating  sodium  in  a  tube  containing  hydrogen,  although 
the  hydrogen  lines  were  weakened  when  the  sodium  vapor  was 
dense,  they  came  out  with  their  full  intensity  when  the  sodium 
was  cool.  Using  hydrogen  with  the  same  treatment,  however, 
Deslandres  succeded  in  getting  rid  of  the  water  vapor  lines. 
Lewis  put  pure  sodium  in  a  tube  filled  with  hydrogen,  and  after 
heating  it  frequently  to  drive  off  impurities,  he  filled  it  with  pure 
hydrogen,  and  then  formed  a  " sodium  dew"  over  the  capillary 
and  walls  of  the  tube.  Whenever  it  was  heated  the  hydrogen 
lines  were  weak,  but  came  out  quite  strong  when  the  tube  was 
cooled,  and  were  just  as  strong  after  the  tube  had  been  used 
continuously  for  two  weeks.  When  the  tube  was  broken  there 
were  found  large  patches  of  sodium  whose  metallic  surface  was  not 
tarnished,  which  led  Lewis  to  observe  that  whatever  other 
impurities  might  have  been  there,  it  is  difficult  to  see  how  anv 
free  water  vapor  or  oxygen  could  have  been  present."  He  con- 
cludes that  "  it  seems  at  least  doubtful  whether  water  vapor  is 
necessary  to  gaseous  conduction." 

Wilsing2  recently  made  some  interesting  experiments  on  the 
spectrum  of  hydrogen.  Making  the  usual  observation  that  in 
general  the  introduction  of  a  spark  gap  changed  the  many-line 
to  the  four-line  spectrum  and  broadened  the  lines,  he  remarks 
that  it  cannot  be  an  electrical  resonance  effect  due  to  the  oscil- 
latory discharge,  for  the  effect  was  not  changed  by  varying  the 

1 /'////.  J/r^'-t  {(*)  3}  51-.  1902. 

=  "  Investigations  on  the  Spectrum  of  Aoz>a  Aurigae"  Pub.  d.  Astrophys.  O^'Serrv. 
zh  Potsdam,  12,  77-102,  K)00. 
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period  of  the  oscillation ;  and  he  comes  to  the  conclusion  that 
it  is  due  to  high  temperature  resulting  from  the  condenser  dis- 
charge. 

A  large  number  of  the  ultra-violet  lines  of  the  elementary 
spectra  have  been  found  as  bright  lines  in  the  chromosphere  of 
the  Sun,  but,  on  looking  for  their  reversals,  among  the  Fraun- 
hofer  lines  of  the  solar  spectrum,  those  of  shorter  wave-length 
Hh  (H  line)  do  not  appear.  The  possibility  of  certain  conditions 
of  temperature  or  pressure  in  the  photosphere  being  responsible 
for  this  suggests  itself.  Campbell1  found  that  in  the  spectra  of 
certain  stars,  the  ultra-violet  hydrogen  lines  are  dark,  while  those 
of  greater  length  are  bright,  there  being  a  regular  gradation 
between  the  two  ;  and  Kayser2  calls  attention  to  the  fact  that  this 
is  in  accordance  with  the  deductions  of  Kirchhoff's  laws,  assum- 
ing that  they  apply  to  this  radiation. 

Schumann3  on  examining  the  spectra  of  hydrogen  from  an 
end-on  tube  found,  on  varying  the  pressure,  what  appeared  to  be 
a  reversal  and  a  displacement  of  H/3  or  separation  into  com- 
ponents. Trowbridge4  recently  obtained  a  reversal  of  hydrogen 
lines  in  employing  his  intense  condenser  discharges,  which  he 
attributed  to  a  selective  reversibility  of  the  silver  salts  of  the 
photographic  plate,  and  concluded  that  it  was  unsafe  to  draw 
conclusions  from  reversals  as  to  the  temperature,  pressure  or  any 
other  condition  of  the  source,  and  considered  this  to  have  a  very 
important  bearing  on  astrophysical  problems.  Wood,5  however, 
obtained  effects  entirely  analogous  to  those  of  Trowbridge  by 
subjecting  a  photographic  plate  to  two  light  radiations,  one  of 
short  duration  and  great  intensity,  followed  by  one  of  relatively 
great  duration  and  feeble  intensity  (the  Clayden  effect)  ;  and  he 
also  found  no  selective  reversibility  in  the  silver  salts,  and  con- 
cluded this  could  not  have  any  bearing  on  astrophysical  problems. 

It  is  because  of  the  bearing  on  astrophysical  problems,  the 
question  of  the  physical  condition  and  constitution  of  the  heavenly 
bodies,  that  the  determination  of  the  exact  conditions  governing 

1  Astrophysical  Journal,  2,  177,  1895. 

* /Sit/.,  4,  313,  1 90 1.  4  Phil.  Mag.,  (6)  4,  156,  1002. 

3  Astronomy  and  Astro-Physics,  12,  159,  1893.  *  Phil.  Mag.,  (0)  4,  tiod,  1002. 
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the  changes  in  the  hydrogen  spectrum  become  of  great  impor- 
tance. There  are  certain  differences  in  the  spectra  of  hydrogen 
as  obtained  in  the  laboratory  and  in  the  spectrum  of  the  Sun  and 
of  the  stars.  Wright  and  Campbell, '  from  measurements  of 
hydrogen  lines  in  the  spectrum  of  o  Cetiy  came  to  the  conclusion 
that  there  was  an  error  of  one-tenth  of  an  Angstrom  unit  in  the 
value  of  the  wave-length  of  HS  given  in  Rowland's  tables  of  the 
solar  spectrum.  The  same  conclusion  has  been  reached  by 
Evershed  from  measurements  of  the  flash  spectrum  obtained  in 
India  during  a  total  eclipse  of  the  Sun.  Jewell,2  after  carefully 
going  over  Rowland's  measurements  again,  however,  concluded 
that  there  was  no  error  in  the  original  calculation,  the  wave- 
length of  HS  as  a  dark  line  in  the  Sun  being  4102.00,  while  the 
value  obtained  by  Evershed  and  by  Wright  and  Campbell  for  HB 
as  a  bright  line  in  the  Sun  and  stars  (4101.85)  agreed  with  the 
value  obtained  in  vacuum  tubes,  which  last  also  agreed  with  the 
place  as  given  by  Balmer's  formula  (He  in  the  Sun  also  is  not  in 
accord  with  Balmer's  formula). 

Not  all  of  the  lines  of  the  four-line  spectrum  of  hydrogen 
appear  in  the  dark-line  spectrum  of  the  Sun.  Only  Ha,  H/3,  Hy, 
and  HB  are  distinct;  those  of  shorter  wave-lengths  are  of  a  dif- 
ferent character  —  broad,  hazy,  and  indistinct;  and  those  of 
shortest  wave-length  are  not  distinguishable  at  all.  This  also  is 
at  variance  with  the  four-line  spectrum  as  ordinarily  observed  in 
the  laboratory. 

The  elementary,  or  four-line,  spectrum,  according  to  the 
classification  of  spectra  founded  on  the  numerical  relations  and 
character  of  the  lines,  is  not  the  principal  but  the  first  subordinate 
series.  In  1897  dickering3  discovered  another  series  of  hydrogen 
lines  in  the  spectrum  of  the  star  ^Puppis,  which  according  to 
Kayser4  and  Rydberg5  constitute  a  second  subordinate  series 
following  a  different  law  from  the  first  series,  but  ending  at  the 

1  \V.  II.  YYrk;ht,  AsTKoriivsicAi.  Journal,  9,  50,  1899. 

3  Am  Korm  skal  Joi'rnai  ,  9.  211,  1899. 

^  Harvard  College  Observatory  Circular  No.  12  ;  ASTROPHYSICAL  JOURNAL,  5,  92, 

lSr>7,    also  13,  2  7,0,  1901. 

4  As  1  koriiY^icAL  Journal,  5,  95,  243,  1S97.  *  Ibid.,  6,  233,  1897. 
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same  point  in  the  spectrum.  Rydberg  also  calculated  the  wave- 
lengths of  the  principal  series  of  hydrogen,  beginning  at  the  same 
point  in  the  spectrum  as  the  second  subordinate  series.  The 
second  subordinate  series,  though  observed  in  some  stars,  has 
never  been  obtained  in  the  laboratory,  and  the  principal  series 
has  never  been  observed  at  all. 

The  spectrum  of  hydrogen,  then,  is  not  by  any  means  inva- 
riable ;  there  are  differences  in  the  spectrum  as  observed  in  the 
Sun,  in  the  stars,  and  in  vacuum  tubes  in  the  laboratory  ;  and  in 
the  latter  there  are  observed  changes  due  to  different  conditions 
of  the  discharge.  Because  of  the  bearing  of  the  latter  on  the 
astrophysical  problems  involved,  it  becomes  of  great  impor- 
tance to  accurately  determine  the  causes  of  the  changes  we  are 
able  to  bring  about  in  the  laboratory  so  as  to  have  a  guide  in 
interpreting  the  particular  variations  in  the  spectra  of  the  heavenly 
bodies.  What,  we  are  led  to  inquire,  is  the  cause  determining 
the  occurrence  of  the  four-line  and  the  many-line  spectrum,  and 
of  the  changes  in  the  spectrum  as  the  conditions  are  varied  ?  Is 
it  high  temperature,  pressure,  the  electrical  conditions  of  the 
circuit,  or  water  vapor,  or  what  ?  It  was  to  obtain  evidence  to 
aid  in  answering  these  questions  that  the  experiments  described 
here  were  undertaken. 

APPARATUS. 

The  hydrogen  used  in  these  experiments  was  prepared  by  the 
electrolysis  of  dilute  sulphuric  acid,  and  was  passed  through  a 
system  of  tubes  containing  substances  for  drying  and  purifying 
to  the  Geissler  tubes,  a#nd  thence  to  another  series  of  tubes  to  the 
mercury  pumps  used  in  exhausting,  making  a  completely  closed 
system  about  sixty  feet  long  from  generator  to  pump,  with  only 
one  stop-cock  at  the  generator.  Calcium  chloride,  sulphuric 
acid,  caustic  potash,  potassa-lime,  and  phosphorous  pentoxide 
were  used  for  drying,  sulphur  and  gold  foil  for  the  removal  of 
the  mercury,  and  heated  copper  foil  to  remove  oxygen.  There 
was  no  trouble  from  hydrocarbon  vapors,  oxygen,  or  air  after 
everything  had  been  pumped  out  thoroughly,  and  most  of  the 
time  there  was  no  trouble  from  mercury  vapor,  the  mercury  lines 
not  appearing  in  the  spectrum,  or  else  very  faintly. 
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As  a  source  for  the  electric  current  a  storage  battery  of  4000 
cells  was  constructed.  For  obtaining  the  continuous  discharge 
the  battery  was  connected  to  the  vacuum  tube  with  a  water  resis- 
tance of  about  a  million  ohms  in  series.  A  milliammeter  was 
used  to  give  the  current.  The  oscillatory  discharge  was  obtained 
p  by  connecting  the  terminals  of  the  battery  to  a  glass 

plate  condenser,  equivalent  to  one  or  more  Leyden 
jars,  which  in  turn  was  connected  through  a  spark-gap 
and  coil  of  self-induction  of  0.009  henry  (which  coil 
could  be  short  circuited  at  will)  to  the  vacuum  tube. 
A  number  of  tubes  were  used  of  different  diameters 
and  with  different  distances  between  the  electrodes, 
and  the  spectrum  was  observed  with  a  Steinheil 
spectroscope  as  the  pressure  of  the  gas,  the  tempera- 
ture, and  the  electrical  conditions  of  the  circuit  were 
varied.  Some  of  the  tubes  had  capillaries,  but  most 
of  them  had  none,  being  of  uniform  diameter  of  from 
6  to  22  mm.  The  electrodes  in  most  cases  were  of 
aluminium  rod  2  mm  in  diameter.  The  pressure  of  the  gas  was 
varied  from  nearly  an  atmosphere  down  to  a  millimeter  (and 
sometimes  a  fraction  of  it). 


KlG.  2. 


CONTINUOUS    DISCHARGE  - 


EFFECT    OF    PRESSURE. 


The  continuous  current  of  a  few  milliamperes  from  the  bat- 
tery always  gave  the  many-line  spectrum  and  the  four  lines  all 
sharp  and  fine  even  at  the  highest  pressures  (500  mm,  or  even 
700  mm  ).  The  discharge  in  wide  tubes  was  characterized  by  a 
bright  point  on  the  anode  (which  appeared  always  to  give  the 
many-line  spectrum),  and  a  white  velvety  glow  at  the  kathode, 
which  appeared  on  the  tip  of  the  electrode  at  high  pressures  and 
gradual  I  v  expanded  until  it  filled  that  part  of  the  tube  at  a  pres- 
sure of  a  millimeter,  and  in  which  ///3  could  always  be  seen. 
There  was  no  essential  difference  in  the  action  of  the  tubes  with 
different  electrode  distances,  as  the  pressure  was  lower  ;  the  dis- 
charge ceased  sooner  in  the  tubes  with  the  electrodes  close 
together  than  in  those  with  electrodes  farther  apart.  In  the  capil- 
lary the  spectrum  was  faint  at   high    pressures,  appearing  first  in 
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the  green  and  blue,  with  //)8  not  as  bright  as  other  fine  lines  in 
that  region.  With  decreasing  pressure  the  spectrum  first  spread 
toward  the  red  and  violet,  and  then  the  intensity  of  the  whole 
increased,  and  also  the  relative  intensity  of  the  four  lines,  until 
the  point  of  maximum  resistance  was  reached,  beyond  which  the 
process  was  reversed. 

VARIATION    OF    CURRENT    DENSITY. 

The  same  changes  that  occur  in  the  glow  discharge  and  in  the 
spectrum  during  a  decrease  of  pressure  were  produced  by 
increasing  the  current  either  by  an  increase  of  voltage  or  a 
decrease  of  external  resistance,  but  the  changes  also  took  place 
with  decreasing  pressure  at  constant  current  (though  less  rapidly 
than  with  decreasing  pressure  and  constant  external  resistance). 

The  abruptly  oscillating  discharge,  occurring  with  the  con- 
denser and  spark-gap,  gave  the  deep  red  spark  discharge  between 
the  electrodes,  and  always  tended  to  broaden  the  lines  and  to 
increase  the  relative  intensity  of  the  four  lines.  At  high  pres- 
sures, with  considerable  capacity,  the  four  lines  appeared  very 
bright  and  broad,  while  the  Al  lines  from  the  electrodes  were 
bright  and  fine.  With  decreasing  pressure  the  four  lines  gradu- 
ally became  narrower,  Ha  first  becoming  fairly  sharp,  and  then 
//#.  All  decreased  in  intensity,  but  Hh  faded  away  relatively 
quite  rapidly.  The  electrode  lines  disappeared  in  the  central 
portion,  and  finally  extended  only  a  short  distance  from  the 
electrodes.  At  a  pressure  of  more  than  ioo  mm  the  many  lines 
appeared  in  the  red  and  orange,  at  first  broad  and  indistinct  and 
massed  together,  but  sharp  and  distinct  at  lower  pressures. 
With  decreasing  pressure  the  many  lines  increased  in  intensity 
relatively  to  the  four  lines.  The  introduction  of  self-induction 
even  at  pressures  as  high  as  an  atmosphere  made  the  four  lines 
narrow,  and  brought  out  the  many  lines  quite  distinct  and  fine. 
Excepting  at  very  high  pressures,  self-induction  increased  the 
intensity  of  the  many-line  spectrum,  and  decreased  the  intensity 
of  the  four  lines. 

A  tube  15  mm  in  diameter,  with  electrodes  6  mm  apart, 
showed  a  heavy  red  spark  discharge   at   high   pressure,  which, 
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when  the  pressure  was  lowered  to  about  ioo  mm,  contracted  to 
a  cone  with  its  base  at  the  anode  and  extending  almost  to  the 
kathode,  and  was  surrounded  by  a  blue  sheath  broadest  at  the 
kathode.  The  blue  glow  gave  a  faint  continuous  spectrum  and, 
apparently,  the  many-line  spectrum  of  hydrogen,  though  faint. 
The  red  discharge  gave  the  four  lines  broad  and 
bright  near  the  electrodes,  Ha  and  ///8  extending  all 
the  way  across  and  rather  fine  near  the  kathode,  while 
XatktJ,  H«f  and  Hh  were  seen  only  near  the  anode.  With 
decreasing  pressure  the  red  cone  shortened  until  it 
became  a  point  on  the  tip  of  the  anode,  and  finally 
disappeared,  leaving  the  discharge  entirely  blue. 
Aril  Another  tube  of  a  larger  diameter,  but  in  all  other 
respects  identical  with  this  one,  gave  the  deep  red 
discharge  throughout  this  entire  range  of  pressure. 
Fir  It  was  at  first  difficult  to  see  how  two  tubes,  both  con- 

nected to  the  apparatus  and  at  precisely  the  same  pres- 
sure, and  differing  only  in  diameter  (and  in  that  very  slightly), 
would  act  so  differently.  It  was  easily  shown,  however,  that  the 
resistance  of  the  tube  was  the  determining  factor,  being  high 
enough  in  the  narrower  tube  to  prevent  the  abruptly  oscillating 
discharge  which  took  place  easily  in  the  larger  one.  When  a  high 
external  resistance  was  put  in  series  with  the  large  tube,  it  gave 
the  blue  discharge  similarly  to  the  narrower  tube,  and  when  the 
capacity  was  increased  the  red  dis- 
charge occurred  in  the  narrow  tube 
at  comparatively  low  pressures.  In 
fact,  in  all  the  experiments,  when- 
ever the  electrical  conditions  of  the  *  ^  ^  *^»  Anode 
circuit  were  such  as  to  give  the  ab-  *  ty  ty  Jtf 
ruptlv  oscillating  discharge,  the  red  FlG-  4- 

discharge  and  the  four-line  spectrum  resulted.  Tubes  of 
different  diameters  were  employed,  but  they  showed  no  differ- 
ences, excepting  in  so  far  as  the  greater  resistance  of  the  nar- 
rower ones  causes  the  change  to  the  blue  spectrum  at  higher 
pressures. 
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EFFECT    OF    HEATING. 

If  the  four-line  spectrum  is  due  to  water  vapor,  one  might 
expect  an  external  heating  of  the  tube  sufficient  to  drive  off 
water  vapor,  to  cause  an  increase  in  the  red  discharge,  and  a 
corresponding  increase  in  the  intensity  and  width  of  the  four 
lines.  Or  if  the  four-line 
spectrum  is  due  to  high 
temperature  (of  the  gas  as  a 
whole),  we  should  look  for 
the  same  effect  when  the 
tube  is  heated.  However, 
heating  the  tube  externally 
by  means  of  a  Bunscn  burner, 
or  internally  by  continuing 
the  discharge  for  some  time, 
instead  of  having  the  effect 
of  increasing  the  amount  of 
red  in  the  discharge  and  pro- 
ducing a  change  in  the  di- 
rection of  the  four-line  spectrum,  had  the  opposite  effect, 
decreasing  the  red  or  changing  to  the  blue  discharge. 

EFFECT  OF  WATER  VAPOR. 

Two  tubes,  as  nearly  identical  in  all  respects  as  possible  and 
of  the  form  shown  in  the  adjoining  figure,  were  connected,  one, 
A,  directly  to  the  apparatus,  and  the  other,  B,  through  drying 
tubes  of  calcium  chloride  and  phosphorous  pentoxide.  In  the 
bulb  of  B  was  placed  about  ^  cu.  cm  of  water,  which  was  kept 
frozen  while  the  tubes  were  being  exhausted,  washed  out,  and 
filled  with  hydrogen.  The  pressure  was  lowered  to  44  mm,  when 
the  discharge  was  blue,  with  red  extending  only  a  short  distance 
from  the  tips  of  the  electrodes,  and  identical  in  the  two  tubes. 
The  ice  was  melted  and  a  short  time  allowed  for  the  water  to 
evaporate.  No  effect  was  observed  then  or  when  the  water  was 
slightly  warmed.  But  when  the  water  was  boiled  so  that  some 
passed  over  into  the  main  tube,  the  discharge  in  B  became  red 
all    the  way  across,  and  Ha,  H$  and  Hy  became  much  brighter. 
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The  discharge  remained  very  decidedly  red  after  running  for 
some  minutes,  when  it  was  certain  that  the  pressure  was  the 
same  in  the  two  tubes.  Tube  A  gave  the  blue  discharge  with  the 
red  on  the  tips  of  the  electrodes,  just  as  before.  On  cooling  the 
side  tube  in  the  freezing  mixture,  the  discharge  became  decid- 
edly less  red.  When  nearly  all  of  the  water  was  boiled  over 
into  the  main  tube,  the  discharge  became  very  red,  and  Ha  and 
H$  came  out  very  bright  and  broad,  ffy  was  broad,  and  Hh 
seemed  to  be  present,  faint,  and  broad.  On  again  placing  the 
side  tube  in  the  freezing  mixture  and  passing  the  current  through 
it,  the  discharge  became  decidedly  less  red,  and  finally  became 
somewhat  blue,  though  not  as  much  as  the  other  tube. 

The  experiments  appear  to  show  a  very  marked  connection 
between  the  four-line  spectrum  and  the  presence  of  water  vapor 
or  water.  But  it  is  to  be  noted  that  the  effect  was  produced 
only  when  water  or  water  vapor  was  present  in  large  quantities, 
and  did  not  appear  in  the  least  with  only  small  traces  of  the 
vapor.  With  large  quantities  present  some  evidently  was  on  the 
electrodes  and  in  the  path  of  discharge,  and  the  vaporization  and 
dissociation  of  the  water  by  the  current  would  produce  a  high 
local  increase  in  the  pressure ;  and  the  effect  observed  was 
exactly  that  which  would  have  been  brought  about  by  an 
increase  in  pressure.  Or,  the  sudden  ionization  of  the  water 
might  well  produce  a  violent  change  in  the  passage  of  the  elec- 
tric current  —  causing  the  abruptly  oscillating  discharge  of  which 
the  four-line  spectrum  was  characteristic. 

When  one  of  the  tubes  cracked,  the  presence  of  the  air  leak- 
ing in  was  shown  by  the  oxygen  and  nitrogen  bands.  With  the 
discharge  without  the  condenser,  or  with  the  condenser  and  self- 
induction,  most  of  the  current  was  carried  by  the  nitrogen, 
scarcely  anything  else  being  seen  in  the  spectrum  excepting  the 
nitrogen.  With  capacity  without  self-induction  and  with  a  small 
spark-gap,  the  oxygen  predominated,  while  with  a  large  spark- 
gap  giving  a  very  definite  disruptive  discharge  the  current  was 
carried  almost  entirely  by  the  hydrogen,  the  four  lines  coming 
out  brilliantlv. 
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DISCHARGE    IN    AIR. 

A  system  of  four  tubes  varying  in  diameter  from  6mm  to 
22mm,  all  with  electrodes  about  7mm  apart,  and  a  bulb  90mm 
in  diameter,  with  electrodes  10 mm  apart,  were  first  used,  when 
filled  with  air,  before  any  hydrogen  had  been  admitted.  Ex- 
cepting at  quite  low  pressures,  the  walls  of  the  bulb  were  so  far 
away  from  the  discharge  as  not  to  be  at  all  heated  or  apparently 
affected  by  the  discharge  in  any  way.  In  the  narrower  tubes, 
where  the  discharge  reached  the  glass  walls,  Ha  and  H/3  were 
seen  very  bright  (especially  Ha)  and  broadened  throughout  a 
great  range  of  pressure,  while  they  were  not  seen  at  all  under 
like  conditions  in  the  bulb.  This  pointed  very  strongly  to  the 
conclusion  that  the  four-line  spectrum  is  due  to  water  vapor 
driven  from  the  walls  of  the  tube.  But  although  Ha  was  bright 
in  the  narrower  tubes,  Hfi  was  usually  comparatively  faint,  Hy 
was  never  seen  with  certainty,  and  HS  not  at  all.  When  the 
tubes  were  filled  with  dry  hydrogen,  it  is  not  likely  that  they 
contained  more  water  vapor  than  when  filled  with  air  from  the 
room,  and  yet,  with  the  hydrogen,  all  the  tubes,  including  the 
bulb,  showed  with  the  condenser  discharge  Ha,  Hfi,  Hy,  and 
Hh,  all  very  bright  and  broad.  The  four-line  spectrum  was 
plainly  not  the  same  in  air  as  in  hydrogen,  and  certainly  the 
evidence  was  not  in  favor  of  the  assumption  that  the  four-line 
spectrum  is  due  only  to  water  vapor  and  not  at  all  to  hydrogen 
as  such. 

It  may  be,  as  Trowbridge  claims,  that  "a  certain  amount  of 
water  vapor  is  essential  to  all  electrical  discharge  through 
gases,"  and  that  the  four-line  spectrum  of  hydrogen  is  intimately 
associated  with  the  dissociation  of  water  vapor.  The  idea  that 
a  perfectly  dry  gas  of  any  kind  not  ionized  is  a  non-conductor 
of  electricity  is  certainly  not  a  new  one.  In  a  paper  published 
in  the  Philosophical  Magazi?ie  in  1893,1  J.  J.  Thomson  considered 
the  effect  upon  the  formation  of  drops  and  said:  "In  a  vacuum 
tube  with  electrodes  at  high  potential,  the  presence  of  the  elec- 
tric charges  would  tend  to  form  drops  of  water,  if  there  should 
be  any  water  vapor  present;"  and  he  concluded  that  the  molc- 
f(5)  36,  313. 
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cules  might  be  dissociated  into  charged  ions  by  condensation  on 
the  surface  of  little  spheres  of  water  or  of  any  other  liquid  of 
high  specific  inductive  capacity,  and  these  charged  ions  in  turn 
would  facilitate  the  formation  of  other  drops  of  water.  This 
action  would  render  easy  the  passage  of  a  current  from  one 
electrode  to  the  other.  The  presence  of  water  vapor  in  this  way 
would  tend  to  ionize  whatever  gas  were  present  in  a  vacuum 
tube,  and  thus  render  possible  the  passage  of  a  current  and  put 
it  into  a  condition  to  vibrate  in  such  a  way  as  to  give  its  charac- 
teristic spectrum.  But  it  cannot  be  said  that  water  is  absolutely 
necessary  for  this,  for  the  same  might  be  done  by  any  liquid  of 
high  specific  inductive  capacity.  In  fact,  anything  that  could 
ionize  the  gas  in  the  tube,  as  X-rays,  Becquerel  rays,  ultra-violet 
light,  or  the  E?itladu?igstrahlen  from  a  spark,  would  render  the  gas 
conducting,  and  in  a  perfectly  dry  gas,  not  ionized  with  high 
enough  potential,  we  may  obtain  a  disruptive  spark  discharge. 
And  a  gas  that  from  any  cause  whatever  is  carrying  electricity 
through  it,  it  seems  fair  to  assume,  may  be  giving  off  its  charac- 
teristic spectrum,  entirely  apart  from  the  presence  of  water  vapor 
or  any  other  foreign  substance. 

As  stated  before,  some  of  the  experiments  described  in  this 
paper,  as  well  as  the  experiments  of  Trowbridge,  point  to  a  con- 
nection between  water  vapor  present  in  a  tube  and  the  four-line 
spectrum  of  hydrogen.  It  does  not  seem,  however,  that  one  is 
warranted  in  concluding  that  the  four-line  spectrum  is  the  spec- 
trum of  water  vapor.  It  may  be  that  this  spectrum  is  due  to  the 
particular  vibrations  produced  at  the  instant  of  dissociation  of 
water  molecules,  or  of  recombination  of  hydrogen  and  oxygen 
ions.  But  may  it  not  even  in  that  event  be  that  the  four-line 
spectrum  is  a  true  spectrum  of  hydrogen,  which  is  due  to  the 
particular  vibration  of  the  hydrogen  ion  occurring  at  the  instant  of 
ionization,  which  ionization  may  be  that  of  a  hydrogen  molecule, 
or  of  a  molecule  of  any  other  compound  of  hydrogen  as  well  as 
of  water,  while  the  natural  vibrations  of  the  free  hydrogen  ion 
give  rise  to  the  manv-line  spectrum?  The  experiments  stated 
in  this  paper  could  be  explained  in  this  hypothesis,  and  could 
not  the  experiment  of  Trowbridge  as  well? 
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But  we  are  not  excluded  from  the  possibility  that  pressure  or 
the  electrical  conditions  of  the  circuit  are  the  determining  fac- 
tors. This  much  seems  certain,  whenever  the  discharge  is  com- 
paratively steady,  as  with  a  battery,  the  many-line  spectrum  is 
produced,  while  the  abrupt  oscillating  discharge  always  gives  the 
four  lines  bright.  The  presence  of  water  vapor  in  quantity  (as 
in  one  of  these  experiments)  would  in  the  electric  field  result  in 
the  formation  of  drops  of  water,  the  vaporization  and  the  disso- 
ciation of  which  would,  as  has  been  stated,  cause  great  local 
increase  of  pressure,  which  would  account  for  the  facts  observed, 
if  we  consider  it  a  pure  pressure  effect. 

The  most  natural  conclusion  from  this  investigation  is  that 
the  four  lines  are  increased  in  intensity  and  in  width  whenever 
anything  occurs  that  renders  the  electrical  discharge  discontinu- 
ous and  very  abrupt  and  violent.  As  to  what  the  process  or 
mechanism  is  by  which  the  characteristic  mode  of  vibration  is 
produced,  whenever  this  occurs,  we  cannot  say. 

A  series  of  photographs  of  the  hydrogen  spectrum  were  taken 
with  a  quartz  spectrograph  with  capacity  and  self-induction,  at 
pressures  ranging  from  about  700  mm  down  to  2  mm,  which  gave 
results  in  harmony  with  the  eye  observations  already  noted.  A 
point  of  interest  that  attracts  one's  attention  in  looking  over  the 
plates  is  that  the  lines  He,  H%,  Ht),  HO,  etc.,  assigned  to  the  four- 
line  spectrum,  are  either  not  present  at  all  or  else  do  not  seem 
to  behave  in  the  same  way  as  Ha,  Hfi,  Hy,  and  Hh,  which  are 
very  intense  and  broad  at  high  pressures,  and  gradually  decrease 
in  width  and  intensity  with  decreasing  pressure  ;  while  the  others 
are  faint  and  narrow  at  high  pressures  and  change  very  slightly 
if  at  all  with  decreasing  pressure. 

CONCLUSIONS. 

1.  The  "compound  spectrum,"  "secondary  spectrum,"  or 
"many-line"  spectrum  of  hydrogen  never  occurs  without  the 
four  lines.  The  four-line  spectrum  may  occur  at  high  pressures 
without  the  many  lines. 

2.  The  four-line  spectrum  is  characteristic  of  an  abruptly 
oscillating  discharge,  and  the  many-line  spectrum  of  the  contin- 


128  LOUIS  A.  PARSONS 

uous  discharge  of  the  battery,  the  less  violent  oscillatory  dis- 
charge which  occurs  with  self-induction  in  the  circuit  giving  a 
spectrum  midway  between  the  two — the  many-line  spectrum  with 
the  four  lines  very  bright  and  fine. 

3.  The  production  of  the  four-line  spectrum,  or  the  broaden- 
ing of  the  lines,  may  be  due  to  high  temperature  occurring 
along  the  path  of  discharge,  or  locally  at  points  where  the  dis- 
ruptive discharge  takes  place,  i.  e.%  it  may  be  due  to  an  increased 
translatory  motion  of  the  particles  which  have  this  mode  of 
vibration — a  point  which  it  seems  impossible  to  determine.  But 
it  seems  certain  that  this  is  not  due  to  high  temperature,  if  we 
mean  the  average  temperature  of  the  gas  in  the  tube. 

4.  It  is  likely  that  the  presence  of  water  vapor  in  a  tube 
plays  an  important  role  in  the  conduction,  because  of  its  effect 
in  ionizing  the  gas,  but  it  seems  also  likely  that  other  agencies 
may  produce  the  same  result.  There  seems  to  be  a  -connection 
between  the  presence  of  a  quantity  of  water  vapor  and  the  bright- 
ness of  the  four  lines,  and  it  may  be  that  the  process  of  dissoci- 
ation of  water  gives  rise  to  vibrations  producing  the  four-line 
spectrum.  But  there  does  not  seem  to  be  any  evidence  for  say- 
ing that  the  four-line  spectrum  is  the  spectrum  of  the  water 
vapor.  On  the  contrary,  the  "four  lines"  appear  to  be  true  lines 
of  hydrogen. 

In  conclusion  I  wish  to  acknowledge  my  obligation  to  Pro- 
fessor Ames,  at  whose  suggestion  the  work  was  undertaken,  for 
the  kindly  and  helpful  interest  he  has  always  shown  ;  to  Professor 
Wood,  for  his  suggestions;  and  to  students  who  have  assisted 
me,  particularly  Mr.  George  W.  Middlekauff,  who  was  for  a  con 
siderable  time  associated  with  the  work. 

Johns  Hoi-kins  University, 
May  I,  I QO.}. 


SOME  EFFECTS  OF  CHANGE  OF  ATMOSPHERE  ON 
ARC  SPECTRA  WITH  REFERENCE  TO  SERIES 
RELATIONS.1 

By  A.  S.  King. 

Since  the  discovery  of  series  relations  in  the  spectra  of  a 
number  of  elements,  those  investigators  who  have  studied  the 
changes  produced  in  such  spectra  by  variation  of  physical  con- 
ditions have  noted  in  many  cases  that  lines  belonging  to  a  series 
are  affected  differently  from  the  unrelated  lines ;  and  that  when 
two  or  more  series  are  present,  they  may  be  affected  in  different 
ways  by  change  of  condition.  Such  changes  in  physical  con- 
ditions not  only  furnish  us  with  a  means  of  separating  the  lines 
of  an  element  into  groups  between  the  members  of  which  series 
relations  may  be  looked  for,  but  we  may  be  enabled  to  draw 
conclusions  as  to  the  character  of  the  vibrations  which  give  rise 
to  such  lines  by  observing  what  conditions  seem  to  be  most 
favorable  for  their  production.  Any  points  which  can  be  estab- 
lished in  regard  to  these  matters  will  he  of  great  use  in  astronom- 
ical investigations,  where  the  spectra  of  heavenly  bodies  show 
many  differences  in  relative  intensities  of  lines,  which,  if 
explained,  would  give  indications  as  to  the  condition  on  these 
bodies. 

The  influences  upon  spark  and  arc  spectra  of  changes  in 
temperature,  pressure,  nature  of  discharge,  and  by  a  magnetic 
field  have  been  observed,  and  the  tendency  of  such  changes  to 
affect  certain  lines  more  than  others  has  been  frequently  noted. 
Another  method  of  separating  lines  into  groups  is  the  use  of 
different  gases  around  the  electric  arc  or  in  the  tube  through 
which  a  spark  is  passed.  It  has  long  been  known  that  such 
changes  of  atmosphere  may  affect  certain  lines  in  the  spectrum 
of  an  element  more  than  others,  but  it  is  only  recently  that  any 
notice  has  been  taken  of  the  method  as  a  means  of  grouping 
related  lines. 

*  Extract  from  a  dissertation  presented  in  partial  fulfilment  of  the  requirements 
for  the  degree  of  doctor  of  philosophy  in  the  University  of  California. 
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The  work  of  Professor  Crew1  with  metallic  spectra  influenced 
by  an  atmosphere  of  hydrogen  has  shown  that  the  lines  belonging 
to  Kayser  and  Runge's  series  are  unaffected  by  a  change  from 
air  to  hydrogen  in  the  cases  of  the  metals  he  investigated,  and 
he  points  out  that  the  use  of  hydrogen  may  offer  a  means  of 
dividing  spectra  into  series  and  non  series  lines.  R.  A.  Porter* 
has  supplemented  Professor  Crew's  work  by  the  use  of  oxygen, 
nitrogen,  and  ammonia  with  several  metallic  arcs,  but  his  results 
relate  chiefly  to  the  changes  in  prominent  spark  lines.  The 
method  thus  seems  to  be  only  in  the  beginning  of  its  usefulness. 

The  work  of  which  an  account  is  to  be  given  was  undertaken 
for  the  purpose  of  making  a  systematic  study  of  the  arc  spectra 
of  several  metals  whose  lines  show  regularities  in  their  arrange- 
ment, with  reference  to  changes  produced  by  the  atmosphere 
surrounding  the  arc.  The  attempt  has  been  made  to  connect  the 
observed  changes  with  the  series  relations  among  the  lines  of  the 
metal,  to  separate  the  lines  into  groups  by  this  means,  and  to 
deduce  general  conclusions  as  to  the  nature  of  the  physical  con- 
ditions which  bring  about  the  observed  effects. 

With  this  object  in  view,  a  detailed  study  has  been  made  of 
the  spectra  of  calcium,  strontium,  barium,  and  copper,  with  the 
arc  in  atmospheres  of  air,  oxygen,  carbon  dioxide,  nitrogen, 
ammonia,  and  the  vapors  of  mercury  and  sodium.  A  few  observa- 
tions have  been  made  of  the  spectra  of  magnesium  and  zinc. 
The  use  of  copper  terminals  in  some  cases  has  given  an  oppor- 
tunity to  observe  the  effect  of  copper  vapor  mixed  with  that  of 
the  metal  under  observation. 

Carbon  terminals  were  used  for  most  of  the  work  with  the 
metals  of  the  calcium  group.  The  chlorides  of  calcium,  strontium, 
and  barium  were  used,  and  powdered  magnesium.  Carbons  made 
from  calcined  sugar  by  the  method  previously  described3  wrere 
used  to  advantage  in  some  cases  by  mixing  the  metallic  salt  or 
powder  with  the  powdered  charcoal,  then  molding  and  baking  the 
compound.  This  gives  a  very  uniform  distribution  of  the  metal 
through  the  carbon  and   freedom   from  impurities    found    in    the 

1  .Wk<>rHV>i<\\i.  JoikNAL,  12,167,  1900,  a  Ibid.,  15,  274, 1902. 

*A.  S.   KlN<;,  AsTRoi'HYMCAI.  Joi'RNAL,  14,  323,  I9OI. 
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commercial  carbons.  Calcined  rock-candy  has  been  found  to 
give  a  very  pure  carbon  for  this  purpose.  In  using  calcium 
chloride  it  is  difficult  to  get  enough  of  the  metal  in  the  carbon, 
as  a  large  amount  causes  the  carbon  to  disintegrate  in  the  baking. 
Furthermore,  carbons  containing  any  hygroscopic  salt  must  be 
used  at  once  after  baking,  as  the  absorption  of  water  vapor  causes 
them  to  go  rapidly  to  pieces.  When  a  large  amount  of  metal  in 
the  carbon  was  desired,  commercial  carbons  were  used,  with  their 
cores  bored  out  and  filled  with  the  metallic  salt  or  magnesium 
powder.  These  were  satisfactory  for  the  most  of  the  work,  as 
the  spectrum  showed  but  few  impurity  lines.  In  cases  where  it 
was  desirable  to  eliminate  the  carbon  spectrum,  or  to  observe 
the  effects  of  copper  vapor,  copper  rods  were  used  as  electrodes, 
their  ends  being  bored  out  and  filled  with  the  metallic  salt. 

In  order  to  try  the  effects  of  sodium  and  mercury  vapors,  the 
lower  carbon  was  passed  through  the  bottom  of  a  small  graphite 
or  clay  crucible  which  was  fitted  around  the  carbon  a  short  dis- 
tance below  the  end,  and  filled  with  metallic  sodium  or  mercury. 
The  arc  being  started,  the  heat  caused  the  sodium  or  mercury  to 
give  off  large  quantities  of  vapor.  The  use  of  sodium  vapor  with 
carbon  terminals  causes  the  lower  carbon  to  disintegrate  rapidly 
where  the  liquid  sodium  comes  in  contact  with  it,  possibly  on 
account  of  the  presence  of  water  in  the  interior  of  the  carbon, 
which  is  attacked  by  the  sodium.  This  action  on  the  carbon 
limits  photographic  work  to  short  exposures. 

During  the  first  part  of  the  work  the  inclosure  used  for  the 
arc  was  a  glass  bulb  made  from  a  round-bottomed  flask  by 
introducing  a  tube  into  a  hole  blown  in  the  bottom.  Stoppers 
were  placed  in  this  tube  and  in  the  neck  of  the  flask,  through 
which  carbons  were  passed,  also  tubes  for  the  passage  of  gases. 
With  this  chamber,  either  the  vertical  or  the  horizontal  arc  could 
be  used.  Later  a  heavy  graphite  crucible  10cm  in  diameter  was 
used  for  the  chamber.  This  was  made  almost  gas-tight  by 
inverting  it  upon  an  asbestos  base  through  which  the  lower 
carbon  and  the  inlet  tube  for  gases  were  passed.  The  upper 
carbon  and  outlet  tube  entered  through  holes  in  the  top,  and  the 
light  from  the  arc  passed  through  a  hole  in  the  side  1  cm  in 
diameter,  over  which  a  glass  or  quartz  window  was  placed. 
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The  spectrum  was  formed  by  a  fifteen-foot  Rowland  concave 
grating,  of  which  the  first  order  spectrum  was  usually  used. 
Comparison  photographs  were  made  on  the  same  plate,  usually 
four  in  number,  the  two  outer  with  the  arc  in  air  with  different 
lengths  of  exposure,  the  two  inner  with  the  arc  in  the  gas  or 
vapor  whose  effect  was  being  studied,  and  with  exposures  cor- 
responding to  those  for  air.  An  effort  was  made  to  avoid  over- 
exposure, which  would  tend  to  equalize  the  intensities  of  lines. 

CALCIUM. 

The  spectrum  of  calcium  has  been  photographed  by  the 
writer,  with  the  arc  in  atmospheres  of  oxygen,  carbon  dioxide, 
nitrogen,  ammonia,  and  the  vapors  of  sodium,  mercury,  and 
copper.  The  fact  that  the  calcium  salts  are  very  volatile  in  the 
arc  makes  it  difficult  to  control  the  conditions  as  to  the  amount 
of  calcium  vapor  present  in  the  arc.  We  cannot  know  that  the 
same  amount  of  calcium  was  fed  into  the  arc  for  each  of  two 
comparison  photographs,  so  that  a  general  strengthening  of  the 
lines  under  certain  conditions  of  surrounding  atmosphere  means 
little.  It  seems  useless,  therefore,  to  make  any  statements  as  to 
the  absolute  effect  of  a  certain  atmosphere  on  the  calcium 
spectrum,  and  so  I  have  considered  only  relative  differences, 
and  have  looked  for  the  causes  which  produce  a  greater  inten- 
sification of  some  lines  than  of  others  when  conditions  are 
changed. 

The  most  striking  relative  difference  appears  when  we  com- 
pare the  behavior  of  the  ultra-violet  triplet  of  wave-lengths 
3644.45,  3630. N2,  3624.15  with  a  pair  of  sharp  lines  at  X3737.08 
and  X3706.18.  The  triplet  is  a  member  of  the  first  subseries  of 
Kayser  and  Rungc.  The  pair  does  not  belong  to  a  series,  but 
has  the  same  difference  in  wave-number  (223)  as  the  H  and  K 
lines,  and  almost  the  same  as  the  pair  at  X3 1 79.45  and  X3 158.98 
(204).  The  triplet  and  pair  just  mentioned  are  close  together, 
can  be  easily  compared,  and  are  observed  to  be  affected  differ- 
ently by  a  surrounding  atmosphere  in  nearly  every  photograph  of 
the  large  number  I  have  taken.  The  pair  at  X3 1 79.45  and 
X315S.98    behaves   very   similarly   to    the   pair  just    mentioned. 
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The  action  of  the  H  and  K  lines  is  similar  in  a  general  way,  but 
they  seem  to  change  more  easily  than  the  other  pairs,  perhaps 
on  account  of  greater  strength  and  frequent  reversals.  The 
changes  in  the  triplet  at  XA.3644.45,  3630.82,  3624.15  are  a  type 
of  the  behavior  of  the  more  diffuse  lines  of  the  spectrum,  includ- 
ing the  triplets  belonging  to  Kayser  and  Runge's  series  and 
most  of  the  unrelated  lines.  Triplets  belonging  to  the  second 
subseries  show  a  change  in  the  same  direction,  but  not  always 
to  the  same  degree  as  those  of  the  first  subseries.  Lines  belong- 
ing neither  to  the  series  nor  to  the  pairs  mentioned  above  show 
an  effect  intermediate  between  that  of  the  sharp  lines  of  the 
pairs  and  that  of  the  triplets  of  the  first  subseries. 

Taking  the  pair  and  the  triplet  as  types  of  the  two  kinds  of 
lines  into  which  the  calcium  spectrum  may  be  divided,  let  us 
notice  first  the  effect  of  varying  quantities  of  calcium  in  the  arc, 
other  conditions  remaining  the  same.  With  a  very  little  calcium 
in  the  arc,  the  pair  and  triplet  are  of  about  the  same  intensity 
and  both  sharp.  Sometimes  the  pair  is  stronger  than  the  trip- 
let. On  increasing  the  quantity  of  calcium  in  the  arc,  the  pair 
increases  but  slowly  in  intensity  and  remains  sharp.  The  triplet, 
on  the  other  hand,  rapidly  becomes  strong  and  diffuse,  the 
lines  broaden  toward  the  violet,  and  with  a  large  amount  of  cal- 
cium reverse.  This  behavior  is  typical  of  that  of  all  triplets 
belonging  to  the  two  Kayser  and  Runge  series,  the  action  being 
most  pronounced  in  the  case  of  the  more  hazy  triplets,  as  those 
whose  strongest  lines  are  at  W3361,  3487,  and  4099. 

It  appears,  therefore,  that  the  increase  of  vapor  density, 
which  should  result  from  an  increased  supply  of  calcium,  would 
account  for  the  broadening  observed  in  the  case  of  the  more  dif- 
fuse lines,  and  that  the  sharp  lines  do  not  show  a  corresponding 
increase  in  intensity.  An  increase  in  vapor  density  is  probably 
accompanied  by  an  increase  in  the  temperature  of  the  arc,  since 
when  the  arc  is  started  with  a  large  amount  of  the  salt  in  the 
carbon,  the  current  is  above  normal,  and  other  conditions  which 
relatively  enhance  one  set  of  lines  usually  give  a  slight  increase 
in  current. 

This  selective  effect  of  change  in  density  makes  it  difficult  to 
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firm  tab.es  o:  relative  intensities  for  spectra  like  that  of  calcium 
whose  lines  io  no:  all  behave  alike.  I  have  often  noticed  that 
the  relative  intensities  oi  lines  on  my  plates  do  not  correspond 
with  those  .riven  by  Kavser  and  Runge.  For  example,  the  latter 
give  the  intensities  oi  the  lines  forming  the  triplet  XX3644, 
;6  : 1.  5':r4  as  I.  2.  2  respectively,  and  the  lines  X3737  and  X3706 
each  as  4.  The  arc  in  air  docs  not  give  this  relation  unless  a 
lar^re  amount  of  calcium  is  used,  as  was  probably  done  by  Kav- 
ser and  Run -.re  in  order  to  have  all  of  the  calcium  lines  appear 
cistinctlv. 

It  we  now  observe  the  effects  of  various  atmospheres  upon 
the  calcium  spectrum,  we  rind  that  the  theory  of  change  of  rela- 
tive inten^itv  in  certain  lines  bv  increased  vapor  density  is  the 
onlv  one  which  will  harmonize  the  effects  of  change  of  atmos- 
phere with  the  observed  effects  in  air  when  the  amount  of  metal 
consumed  is  changed.  Consider  first  the  effect  of  oxygen. 
Oxviren  ureatlv  increases  the  consumption  of  metal  in  the  carbon 
arc.  The  carbons  waste  awav  rapidly  and  a  large  amount  of 
calcium  oxide  is  formed.  The  arc  is  very  luminous;  the  current 
usually  increases  one  or  two  amperes  from  its  value  with  air 
around  the  arc.  The  effect  on  the  spectrum  is  to  enhance  the 
diffuse  triplets  much  more  than  the  sharp  lines  which  do  not 
belong  to  series.  This  is  especially  noticeable  in  the  case  of  the 
triplets  with  lines  of  greatest  wave-length  at  XX3361,  3487,  3644, 
4099,  45S6,  as  compared  with  the  sharp  lines  XX3159,  3179, 
3706,  3737,  and  the  group  from  X4283  to  X4319,  which  do  not 
broaden  readilv.  The  H  and  K  lines  are  strengthened,  but  not 
so  much  as  the  g  line,  the  reversal  of  which  is  widened.  There 
is  no  essential  difference,  however,  between  these  effects  and 
those  given  bv  the  arc  in  air  with  a  large  amount  of  calcium 
present.  I  am  not  now  taking  up  the  question  as  to  whether 
oxygen  reallv  increases  the  absolute  intensity  of  the  calcium  lines. 
That  could  be  tested  onlv  bv  an  arc  formed  between  terminals  of 
etallic  calcium  and  with  a  constant  current.  The  greater 
lount  of  calcium  consumed  by  the  arc  in  an  atmosphere  of 
:yj;cn  would  account  for  the  general  strengthening. 
The  effect  of  carbon  dioxide  on  the  calcium  spectrum  is  very 
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similar  to  that  of  oxygen,  but  not  so  decided.  It  is  probable 
that  large  quantities  of  carbon  dioxide  are  generated  by  the  use 
of  oxygen  around  the  carbon  arc,  as  the  oxidation  rapidly 
reduces  the  diameter  of  the  carbons. 

Turning  now  to  the  effects  of  some  atmospheres  which  exclude 
oxygen  to  a  greater  or  less  degree,  we  shall  consider  first  the 
atmosphere  of  pure  nitrogen.  This  was  prepared  from  ammo- 
nium sulphate  and  sodium  nitrite,  and  purified  by  passage 
through  sulphuric  and  pyrogallic  acid.  Its  effect  seems  to  be 
to  prevent  oxidation  without  decreasing  the  vapor  density  to  any 
great  extent.  The  arc  burns  readily  in  nitrogen,  and  the  same 
time  of  exposure  can  be  used  as  with  air  or  oxygen.  The  car- 
bons are  consumed  very  slowly,  and  no  calcium  oxide  is  formed 
if  a  strong  current  of  nitrogen  is  maintained.  Still,  from  the 
ready  burning  of  the  arc,  it  is  not  probable  that  the  vapor  den- 
sity in  the  arc  is  greatly  different  from  the  conditions  in  air,  and 
it  is  different  from  the  conditions  in  oxygen  chiefly  because  with 
the  latter  gas  more  calcium  is  supplied  to  the  arc  in  a  given 
time. 

The  effects  with  nitrogen  are  entirely  in  accordance  with  this 
view.  The  tendency  of  nitrogen  is  to  equalize  the  intensity  of 
the  pair  and  triplet  considered  above  as  types  of  the  two  sets  of 
lines.  The  vapor  density  is  probably  small,  but  not  smaller  than 
we  can  obtain  in  air  with  a  small  amount  of  calcium  and  a  strong 
current  of  air  pumped  through  the  chamber.  In  some  photo- 
graphs where  a  large  amount  of  calcium  was  used  with  nitrogen 
atmosphere,  the  triplets  were  broadened  and  rendered  diffuse  in 
a  way  often  observed  in  air  and  approaching  the  effect  of  oxygen. 
The  fact  that  this  broadening  is  possible  under  some  circum- 
stances with  a  strong  current  of  nitrogen  around  the  arc  is  very 
much  against  the  theory  that  the  broadening  is  due  to  oxida- 
tion, or  due  in  any  large  degree  to  higher  temperature,  as  we 
should  expect  the  violent  combustion  in  the  oxygen  atmosphere 
to  raise  the  temperature  of  the  arc  as  well  as  that  of  the  elec- 
trodes. 

The  use  of  sodium  vapor  around  the  arc  gives  another  test 
for  the  effect  of  increased  vapor  density  without  oxidation.     A 
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stream  of  sodium  vapor  passing  up  on  all  sides  of  the  arc  from 
a  cup  of  boiling  sodium  around  the  lower  carbon  would  allow 
but  little  oxidation,  while  it  might  be  expected  to  crowd  the 
calcium  vapor  back  into  the  arc  and  increase  the  vapor  density 
in  the  arc.  The  photographs  taken  under  these  conditions  show 
a  decided  difference  in  effect  upon  the  two  sets  of  lines,  and  the 
difference  increases  as  the  sodium  vapor  becomes  denser.  With 
the  sodium  boiling  vigorously,  the  pairs  remain  sharp  and  show 
little  change  in  intensity,  while  the  triplets  become  broad  and 
diffuse,  and  the  reversal  of  g  is  much  widened.  The  sodium 
vapor  increases  the  conductivity  of  the  arc  so  that  the  current  is 
greater  than  with  air  and  the  electrodes  are  consumed  more  rap- 
idly, a  condition  which  should  lead  to  an  increase  of  vapor  pres- 
sure. An  explanation  may  thus  be  given  for  the  observed  fact 
that  the  effect  of  sodium  vapor  is  much  like  that  of  oxygen, 
though  we  might  expect  the  opposite. 

Turning  now  to  the  effect  of  ammonia,  we  have  here  a  gas 
which  in  all  probability  reduces  the  vapor  density  in  the  arc. 
As  has  been  observed  by  others,  the  arc  is  very  difficult  to 
maintain  in  ammonia.  When  it  is  burning,  the  current  and  fall 
of  potential  show  little  change  from  the  conditions  in  air,  but 
the  intensity  is  feeble  and  the  arc  is  often  extinguished.  The 
exposure  must  be  from  twelve  to  twenty  times  as  long  as  with 
the  arc  in  air.  With  a  strong  stream  of  ammonia  sweeping 
away  the  gases  formed  in  the  arc  and  the  feeble  action  which  we 
observe,  the  conditions  seem  very  favorable  for  a  minimum  vapor 
density  in  the  arc.  None  of  the  other  atmospheres  I  have  used 
give  such  a  relative  weakening  of  the  lines  belonging  to  Kayser 
and  Runge's  series  as  compared  with  the  pairs  at  X3159  and 
^3179,  ^.3706  and  X3737,  and  the  H  and  K  lines.  The  pairs 
mentioned  are  stronger  than  in  air  in  the  case  of  several  photo- 
graphs in  which  the  supply  of  calcium  was  kept  the  same  as  nearly 
as  possible.  The  triplets,  on  the  other  hand,  are  very  decidedly 
weakened,  and  their  lines  rendered  sharper.  The  reversal  of  g 
is  much  narrower  in  ammonia  ;  also  that  of  H  and  K,  when  they 
are  reversed.  The  effect  of  mercury  vapor  around  the  arc  is  to 
diminish  the  triplets  more  than   the   pairs.     The  g  line  shows  a 
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narrower  reversal,  and  the  effects  all  point  toward  a  lower  vapor 
density  than  with  the  arc  in  air.  The  poor  conductivity  of  mer- 
cury vapor  may  account  for  this,  giving  the  effects  observed  to  a 
much  greater  degree  in  the  case  of  ammonia. 

The  use  of  copper  electrodes  with  calcium  filling  gives 
another  means  of  producing  conditions  in  which  the  vapor  den- 
sity is  probably  small.  The  copper  arc  is  of  feeble  intensity,  a 
much  longer  exposure  is  needed  than  with  the  carbon  arc  to 
make  the  lines  equally  strong,  and  then  relative  differences 
appear  in  the  two  sets  of  calcium  lines  much  like  those  observed 
when  mercury  vapor  was  used  around  the  arc.  Comparing  two 
photographs  of  the  calcium  spectrum  between  X3500  and  X4600, 
one  with  carbon  and  the  other  with  copper  electrodes,  with  the 
H  and  K  lines,  as  well  as  the  pair  at  X3737  an(^  X3706  of  the 
same  intensity  in  both,  we  observe  a  very  distinct  difference  in 
the  behavior  of  the  other  calcium  lines.  The  several  triplets 
are  much  weaker  in  the  copper  arc,  the  greatest  difference  being 
in  the  diffuse  triplets  with  lines  of  greatest  wave-length  at 
X3644  and  X4512.  The  g  line  is  narrow  and  not  reversed  in  my 
plates  taken  with  the  copper  arc. 

STRONTIUM. 

The  spectrum  of  strontium  has  been  studied  by  the  writer 
from  X3000  to  X5000  with  atmospheres  of  air,  oxygen,  carbon 
dioxide,  nitrogen,  ammonia,  and  sodium  vapor.  The  relative 
differences  found  result  in  the  segregation  of  a  group  of  strong 
lines  which  make  up  three  pairs  having  the  same  difference  in 
wave- number,  given  by  Kayser1  as  follows  : 

Vibration- 
A  Difference 

43°5-60} 80..6 

4l6l.95    \ 

42l5t6} 801.5 

4077.88  \ 

o    o    :         -        -        '        -        -        -        001.1 

3380.89  } 

These  are  homologous  to  the  three  pairs  in  the  calcium  spec- 
trum which  were  observed  to  be  affected  by  surrounding  atmos- 

1  Handbuch  der  Spectroscopies  2,  541, 
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phcre  differently  from  the  lines  belonging  to  Kavser  and 
Runge's  scries.  In  the  strontium  spectrum  we  again  find  a  dif- 
ference in  the  effect  upon  these  two  classes  of  lines;  but  in  this 
case  it  is  the  sharp  lines  forming  the  pairs  which  are  the  more 
sensitive  to  changes  of  physical  condition. 

A  comparison  of  a  large  number  of  photographs  shows  con- 
clusively that  the  lines  of  these  pairs  are  strengthened  by  atmos- 
pheres of  oxygen,  carbon  dioxide  and  sodium  vapor  to  a  greater 
degree  than  the  remaining  lines  of  the  spectrum,  and  are  corres- 
ponding! v  weakened  by  atmospheres  of  nitrogen  and  ammonia. 
The  sharp  line  at  X  3464. 58  is  acted  upon  in  the  same  way  as  the 
pairs,  but  seems  to  have  no  companion  with  a  similar  behavior. 
The  broad  reversed  line  at  X 4607. 5 2  is  not  strengthened  by 
oxvgcn  to  the  same  degree  as  the  pairs.  In  carbon  dioxide  it  is 
actually  weaker  than  in  air,  while  the  pairs  are  much  stronger, 
and  the  remaining  lines,  including  those  belonging  to  Kavser 
and  Runge's  series,  show  little  difference.  In  ammonia  X4607. 52 
sometimes  suffers  a  double  reversal,  making  it  broad  and  hazy. 
The  pairs  are  distinctly  weakened  by  ammonia,  giving  a  general 
el'lect  opposite  in  character  to  that  of  the  first  three  gases.  The 
action  ot  nitrogen  is  similar  to  that  of  ammonia,  but  not  so  pro- 
nounced, as  the  pure  nitrogen  seems  to  make  but  a  slight  change 
lioin  the  conditions  oi  the  arc  in  air. 

A    Nl-:w    STRONTIUM    TRIPLET. 

In  >tud\  ing  the  spectrum  oi  strontium,  the  writer  has  observe'.! 
th.it  \\hene\ci  the  line  X4077.8S  is  of  considerable  intensity, 
ilucc  taint    lines  appear  close  to   it.      The  wave-lengths  of  these 

thice  l:iu'<   1  ha\  e  measured  as  follows: 

-U'S-  .So 
40-1 .22 
4 cm  .52 

\e:  :vi:t^  aMe  to  ulentity  these  with  anv  known  metalli 
e-.'.o.    1    haw   applied    >eve:al    tests    to    determine 

Iv'.c:':;  to  <t o::tian\  ;o  seme   impurity,  or  whe*u 
••.;l'.e->  "  e:    \;v~-<S.       l"hc   la>t  possibility 
1'c.c    :  ':cc    1  :\>    ate    ::o;    a:    all    symmetric; 


pr:s~i*~:  -ztt-zzi. 
a  d^spcr?  :*  l.  -  ~~    - 

grating.     I"   -=      - 
with  very  ^  -rt  :*jT- 
or  arr.~:-.i- 

stand  i  -.  i  --"- "  ~- 

c:5ere':-i    :  tv: 

R—r-  s     7-.tr.-;    - 

have  -It  r      ::.r. 


A3!*-  -c 

x  3  -  -  y* 
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The  fifth  member  of  this  group  of  triplets  seems  to  be  the 
three  lines  : 

4087.86  ) 

4071.22  I )  l00-° 

4061 .52  \  (  58.6 

The  members  of  these  five  triplets  are  the  more  diffuse  lines 
in  the  strontium  spectrum.  There  is  a  decided  similarity  in 
appearance  between  the  last  two  triplets,  though  the  one  to 
which  I  have  called  attention  is  much  the  weaker. 

MAGNESIUM. 

The  writer  has  made  but  few  observations  of  the  spectrum  of 
magnesium,  and  these  have  for  the  most  part  given  negative 
results,  as  far  as  relative  differences  are  concerned.  This  may 
be  due  to  the  fact  that  nearly  all  of  the  prominent  lines  belong 
to  the  triplets  of  the  first  and  second  subseries  of  Kayser  and 
Runge,  and  so  may  be  expected  to  show  the  same  behavior  with 
change  of  physical  conditions.  The  spark  line  X4481  does  not 
appear  in  my  photographs. 

My  plates  show  a  very  slight  difference  in  the  behavior  of 
the  triplets  belonging  to  the  first  subseries  in  atmospheres  of 
oxygen  and  nitrogen  from  that  of  the  second  subseries  in  the 
same  atmospheres.  The  triplets  of  the  first  subseries  are  rela- 
tively stronger  in  nitrogen,  those  of  the  second  subseries  in 
oxvgen.  This  is  the  case  with  the  triplets  with  lines  of  greatest 
wave-length  at  XX  3838,  3097,  2852  of  the  first  subseries  as  com- 
pared with  those  at  XX3337,  2942,  of  the  second.  The  differ- 
ence is  most  noticeable  in  the  case  of  the  very  broad  line 
X2S52.  The  results  so  far  obtained  do  not  point  to  any  more 
general  conclusions  than  the  similar  behavior  of  lines  belonging 
to  the  same  series. 

BARIUM. 

A  study  of  the  spectrum  of  barium  with  the  arc  in  atmospheres 
of  air,  oxygen,  nitrogen,  carbon  dioxide,  ammonia,  and  the  vapors 
of  copper,  mercury,  and  sodium,  shows  a  number  of  lines  which 
are  affected  differently  from  the  majority  of  the  barium  lines. 
and  always  affected  in  the  same  way  by  a  given  gas.     While  no 
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general  series  relation  has  yet  been  found  for  the  barium  lines, 
my  results  serve  to  strengthen  the  evidence  that  certain  lines  are 
related  to  each  other. 

The  opposite  effects  of  oxygen  and  ammonia  upon  a  number 
of  lines  give  a  basis  for  separating  a  certain  group  from  the  main 
body  of  the  spectrum.     These  lines  are  as  follows : 

5853.91  4525.19 

4934.24  4166.24 

4900.13  4130.88 

4700.64  3906.20 

4554.21  3891.97 

A  comparison  of  a  large  number  of  plates  shows  these  lines 
in  every  case  to  be  strengthened  by  oxygen  and  weakened  by 
ammonia  more  than  the  remaining  lines  of  the  spectrum.  Nitro- 
gen produces  scarcely  any  change  from  the  appearance  of  the 
lines  in  air.  A  slight  relative  weakening  sometimes  appears, 
showing  that  the  tendency  of  nitrogen  is  in  the  same  direction 
as  ammonia.  Carbon  dioxide  gives  a  definite  strengthening  of 
these  lines,  comparable  to  that  of  oxygen.  Both  mercury  vapor 
and  sodium  vapor  strengthen  the  lines,  the  effect  of  the  latter 
being  almost  as  pronounced  as  that  of  oxygen.  Copper  termi- 
nals filled  with  barium  salt  also  strengthen  the  lines  as  compared 
with  barium  in  the  carbon  arc.  With  all  these  atmospheres,  the 
most  sensitive  lines  are  those  at  XX 41 66,  4525,  and  4900.  With 
the  exception  of  X  3906,  the  group  of  lines  given  above  are 
among  the  strongest  in  the  spectrum,  and  are  sharp  with  a  mod- 
erate quantity  of  metal  in  the  arc,  though  they  broaden  and 
reverse  with  a  large  quantity.  They  are,  however,  always  dif- 
ferent in  appearance  from  the  broad  diffuse  lines  at  XX4323, 
4325,  4489,  and  4494,  which  are  not  affected  by  change  of 
atmosphere.  This  greater  sensitiveness  of  the  sharper,  more 
prominent  lines  of  barium  is  similar  to  the  effect  of  correspond- 
ing atmospheres  upon  the  strontium  spectrum,  and  unlike  that 
upon  the  calcium  lines.  The  changes  in  the  line  X 4525,  as  com- 
pared with  its  more  diffuse  companion    X4523,  arc  very  striking. 

Looking  now  at  the  relations  between  these  lines  which  are 
affected  by  surrounding  atmosphere,  we    find   that  almost   the 
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only  definite  regularity  so  far  discovered  in  the  barium  spectrum 
is  the  existence  of  four  pairs  of  lines  with  constant  difference  in 
wave  number,  as  follows : 

Vibration- 
A  Difference 

6497.07  ) 
I  : 1691.05 

5853.91  S 

4934'2*[   ,691.16 

4554.21  \ 

49°°-13! 1690.90 

4525.191 
4166.24  > 

\  1691.47 

3891.97  \ 

It  will  be  observed  that  all  of  these  lines  occur  in  my  list  of 
sensitive  lines,  except  X6497,  which  is  beyond  the  region  cov- 
ered by  my  photographs.  My  results  for  the  barium  spectrum, 
then,  serve  to  separate  these  lines,  together  with  a  few  others, 
from  the  main  body  of  the  spectrum,  as  forming  a  series  of 
related  pairs,  which  appear  to  be  relatively  strengthened  by 
increased  vapor  density  in  the  arc. 

ZINC. 

My  data  for  the  zinc  spectrum  cover  only  the  region  from 
X3000  to  X4100  with  a  comparison  of  the  effects  of  oxygen  and 
air.  Brass  terminals  were  used  for  the  arc,  so  that  the  stronger 
copper  lines  appear.  My  results  show  a  decided  strengthening 
in  oxygen  of  the  group  of  lines 

3282.42        3345.13 

3702.62  3345-62 
330303    3346.04 

belonging  to  the  first  subseries  of  Kayser  and  Runge. 

The  lines 

3572.90  3740.12 

3671.71  4019.75 

3683.63  4058.02 

between  which  no  relation  has  been  found,  are  weaker  in  oxygen 
than  in  air.  The  difference  is  not  as  great  as  in  the  case  of  the 
series  group.  This  strengthening  of  the  series  lines  by  oxygen 
is  similar  to  that  observed  with  the  series  lines  of  calcium,  while 
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the  effect  on  the  unrelated  lines  is  like  that  which  we  shall  see 
in  the  case  of  the  line  pairs  of  copper. 

COPPER. 

The  spectrum  of  copper  shows  a  large  number  of  relative 
differences  in  intensities  of  lines,  when  different  atmospheres  are 
used  around  the  arc,  the  most  important  changes  being  given  by 
an  atmosphere  of  oxygen.  The  copper  arc  in  oxygen  burns  with 
difficulty  and  frequently  goes  out,  in  decided  contrast  to  the 
behavior  of  the  carbon  arc  in  oxygen.  This  action  may  be  due 
to  the  formation  of  a  non-conducting  coating  of  copper  oxide  on 
the  terminal,  though  it  is  doubtful  if  this  forms  in  the  arc  itself. 
The  oxidation  of  copper  is  not  accompanied  by  the  increased 
heat  and  wasting  of  the  electrodes  which  accompanies  the  for- 
mation of  carbon  dioxide  in  the  carbon  arc. 

In  general,  the  more  diffuse  copper  lines  are  most  reduced 
by  oxygen,  the  best  examples  of  this  being  the  pairs  of  wave- 
lengths 

3247.65        3654.60 
3274.06        3688.60 

These  pairs  are  almost  blotted  out  by  a  strong  current  of 
oxygen.  The  strong  pair  X4023  and  X.4063  are  weakened  by 
oxvgen,  though  not  so  much  as  the  preceding;  while  many  of 
the  sharper  lines  are  quite  unaffected,  notably  those  of  wave- 
lengths : 

3308.10  4378.40 
3599.20   4587.19 

3602.11  4651.31 

The  lines  from  X3100  to  X5300  most  reduced  by  oxygen  are 
as  follows : 

3194.17  3925-40 

3208.32  4015.80 

3247.65  4022.83 

3274.06  4056.80 

3337-95  4062.94 

3384.88  4480.59 

3530.50  453L04 

3654.60  5105.75 

3688.60  5153.33 

3825.13  5218.45 
3861    88 
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It  will  be  observed  that  these  twenty-one  lines  include  those 
of  the  pairs  given  by  Kayserx  as  belonging  to  the  first  and 
second  subseries  of  copper;  also  the  pair  X4015.80  and  X4056.80, 
and  the  strong  pair  X 3247.65  and  X  3274.06  which  Kayser  thinks 
may  be  a  member  of  the  principal  series  of  copper.  The  lines 
of  these  several  pairs  have  nearly  the  same  difference  in  wave- 
number  (248).  Besides  these  pairs  we  have  a  weakening  by 
oxygen  of  the  seven  lines : 

3194.97        3530.50 
3208.32        3925-4o 

3337-95        5105.75 
3384.88 

In  addition  to  these  known  relations,  I  have  found  that  a 
number  of  these  lines  affected  in  the  same  way  by  oxygen  form 
pairs  with  a  constant  vibration  difference  of  about  3400  as 
follows : 

Vibration- 
A  Difference 

3654.60  \  34  °-7 

3274.06  ) 

3688.60)'      3432-5 

3384.88  I 

3825. ,3) 34°°-2 


)25-4o  ) 
531-04  i 


Si--'     ■■--■•    *«.. 


This  gives  an  interesting  relation  between  the  pair  XX3247.63, 
3274.06  and  one  of  the  pairs  of  Kayser's  first  subseries.  The 
corresponding  lines  of  these  two  pairs  are  seen  to  have  nearly 
the  same  difference  in  wave-number.  The  two  pairs  of  the 
second  subseries  have  a  line  of  each  pair  related  to  an  outside 
line  by  this  constant  difference;  but  in  one  case  it  is  the  upper 
line  of  the  pair  which  has  an  outside  companion,  and  in  the  other 
case  the  lower  line.  The  connection  indicated  by  these  con- 
stant differences  does  not  appear  to  be  a  simple  one.  It  is 
probably  a  result  of  some  relation  among  the  the  vibrations 
giving  rise  to  this  set  of  lines  which  are  affected  in  the  same 
way  by  change  of    physical  conditions. 

1  Handbuch  der  Spectroscopic,  2,  pp.  530-53 1. 
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The  use  of  nitrogen  gives  effects  but  little  different  from 
those  with  air  around  the  arc,  except  in  the  case  of  the  pair 
X3247.65  and  X3274.06.  These  are  slightly  weaker  with  nitro- 
gen, and  the  reversal  is  narrower,  while  scarcely  any  change  can 
be  perceived  in  the  other  lines  which  are  weakened  by  oxygen. 

The  effect  of  mercury  vapor  on  the  copper  lines  is  similar  to 
that  of  oxygen,  the  same  lines  being  weakened,  and  to  almost 
the  same  degree,  as  by  a  strong  current  of  oxygen.  The  action 
is  the  same  with  sodium  vapor  around  the  arc,  though  not  so 
pronounced,  only  the  most  sensitive  lines  being  changed. 

Mixtures  of  other  vapors  with  that  of  copper  were  tried  by 
using  brass  electrodes,  giving  strong  zinc  lines  mixed  with  those 
of  copper,  and  by  using  one  copper  and  one  carbon  terminal, 
giving  the  carbon  and  cyanogen  bands.  These  experiments  were 
made  with  the  arc  in  the  open  air.  No  relative  differences  could 
be  detected  in  either  case  by  comparing  the  plates  with  those 
taken  with  copper  terminals. 

Looking  now  to  see  if  changes  in  vapor  density  would  pro- 
duce the  effects  we  observe,  the  first  fact  to  be  noted  is  that  the 
effect  of  oxygen  upon  the  burning  of  the  arc  with  copper  termi- 
nals is  very  different  from  that  when  carbon  electrodes  are  used. 
With  carbon  terminals,  the  arc  burns  with  great  vigor  and  bright- 
ness in  oxygen,  the  carbons  being  rapidly  consumed,  probably 
with  the  formation  of  large  quantities  of  carbon  dioxide.  With 
copper  terminals,  on  the  other  hand,  it  is  difficult  to  maintain 
the  arc  in  oxygen.  Some  copper  oxide  is  formed,  but  no  change 
in  the  flame  is  observed  except  a  weakening.  A  longer  exposure 
is  required  for  the  same  general  intensity  of  the  spectrum,  as 
compared  with  the  arc  in  air.  This  agrees  with  the  observation 
of  Porter,1  who  used  the  rotating  arc  with  electrodes  of  mag- 
nesium, tin,  zinc,  and  iron  in  oxygen,  and  found  the  metallic  lines 
weakened.  This  difference  between  the  carbon  and  metallic  arcs 
must  be  considered  in  questions  of  vapor  density. 

The  conditions  with  oxygen  about  the  carbon  arc  appeared 
favorable  for  greater  vapor  density,  and  its  action  in  intensi- 
fying certain  lines  strengthened  the  hypothesis  that  the   change 

*  Loc.  cit. 
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was  produced  by  greater  vapor  density.  With  the  copper  arcr 
however,  the  weak  action  in  an  atmosphere  of  oxygen  appears 
favorable  for  a  low  vapor  density  in  the  arc,  and  the  reduction 
of  the  broad  diffuse  lines  by  oxygen  can  be  attributed  to  this 
cause.  Both  mercury  and  sodium  vapors  weaken  the  arc.  The 
action  of  sodium  vapor  is  not  the  same  as  with  the  carbon  arc. 
The  current  remains  the  same  as  with  the  arc  in  air,  so  that  the 
sodium  does  not  appear  to  increase  the  conductivity,  and  the  arc 
burns  with  difficulty,  frequently  going  out.  Nitrogen  might  be 
expected  to  give  little  change  of  vapor  density  from  that  of  air, 
and  it  is  noted  that  only  the  most  sensitive  lines  are  changed  by 
nitrogen,  whose  effect  is  slightly  to  reduce  the  vapor  density,  if 
my  hypothesis  is  correct. 

DISCUSSION    OF    RESULTS. 

The  first  general  result  to  be  noted  as  given  by  a  change  of 
atmosphere  around  the  arc  is  the  power  of  the  method  as  a 
means  of  separating  the  lines  of  an  element  into  groups.  The 
several  groups  may  then  be  investigated  with  respect  to  series 
relations  between  the  lines.  It  thus  offers  possibilities  of  finding 
new  relations  between  lines,  especially  in  the  case  of  elements 
having  so  large  a  number  of  lines  that  it  would  be  difficult  to 
obtain  a  starting-point  without  some  means  of  separating  certain 
groups. 

The  magnetic  field  is  a  well-known  means  of  separating  lines 
into  groups,  and  an  interesting  comparison  of  the  two  methods 
is  given  by  comparing  my  results  with  those  given  by  Kayser  in 
his  discussion  of  the  Zecman  effect.1  From  this  it  will  be  seen 
that  a  number  of  lines  in  the  spectra  of  calcium,  strontium, 
barium,  and  copper,  which  belong  to  certain  types  in  the  classi- 
fication of  Zecman  phenomena,  are  among  the  lines  which  I  find 
affected  by  a  surrounding  atmosphere  differently  from  the  other 
lines  in  those  spectra. 

The  fact  that  a  certain  atmosphere  may  not  produce  the  same 
effect  on  lines  of  the  same  kind  (sharp  or  diffuse)  in  the  spectra 
of    different   metals,    might    present  a   difficulty.      Especially   is 

1  Ilandbuch  dcr  Spectroscopic,  2,  671. 
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this  the  case  with  the  behavior  of  calcium  and  strontium  in  the 
carbon  arc.  The  structure  of  these  two  spectra  show  many 
similarities,  yet  the  diffuse  calcium  lines  belonging  to  Kayser 
and  Runge's  series  are  the  more  sensitive  to  change  of  atmos- 
phere; while  in  the  case  of  strontium,  the  strong  lines  not  in 
Kayser  and  Runge's  series  respond  most  readily.  It  is  very 
probable,  however,  that  the  groups  of  strong  lines  actually  form 
the  principal  series  in  these  two  spectra,  though  no  numerical 
relation  has  yet  been  found  between  the  lines  except  the  con- 
stant differences.  If  this  is  the  case,  the  state  of  affairs  seems 
to  be  that  a  change  of  atmosphere  produces  the  greatest  differ- 
ence on  the  principal  series  of  strontium  and  on  the  first  subseries 
of  calcium — an  effect  which  might  easily  result  from  the  differ- 
ences between  the  two  metals,  in  spite  of  their  many  similarities. 
The  more  rapid  volatilization  of  the  calcium  salt  in  the  arc  might 
bring  about  a  change  of  condition  sufficient  to  account  for  the 
different  behavior  of  the  two  series. 

In  regard  to  the  probable  action  of  the  surrounding  atmos- 
phere in  bringing  about  the  changes  in  the  spectral  lines,  the 
weight  of  evidence  seems  to  indicate  that  chemical  action  has 
little  or  no  part  iri  producing  the  effects,  except  as  it  may  affect 
the  vapor  density  in  the  arc.  The  chief  arguments  against  the 
effect  of  an  atmosphere  of  oxygen  being  due  to  chemical  action 
are  (i)  that  the  use  of  pure  nitrogen  produces  little  change  as 
compared  with  the  arc  in  air,  and  occasionally  its  action  is  in 
the  same  direction  as  that  of  oxygen;  (2)  that  a  cloud  of 
sodium  vapor  around  the  arc  leaves  most  of  the  lines  unchanged, 
and  slightly  enhances  those  of  one  group,  as  has  been  noted  in 
several  cases. 

The  hypothesis  that  seems  best  to  accord  with  my  results  and 
those  of  others  is  that  the  effects  are  to  be  ascribed  to  changes 
in  vapor  density  which  effect  the  vibrations  producing  the  lines 
belonging  to  a  certain  group  —  vibrations  which  are  probably 
similar  in  general  character,  judging  from  the  behavior  of  the 
resulting  spectral  lines.  This  theory  has  been  kept  in  view 
during  the  discussion  of  the  results,  and  seems  to  be  the  one 
which  best  co-ordinates  the  various   phenomena,  both  as  to  the 
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changes  observed  with  different  atmospheres,  and  those  in  which 
the  supply  of  metal  was  varied  with  the  arc  in  air. 

It  is  possible  that  temperature  changes  may  play  a  large  part 
in  giving  the  effects  we  observe,  as  the  most  distinct  changes  in 
the  spectrum  are  associated  with  conditions  which  probably 
involve  change  of  temperature  in  the  arc.  However,  the  facts 
that  the  carbon  arc  in  oxygen  does  not  give  changes  proportional 
to  its  probable  change  of  temperature,  and  that  these  changes  are 
brought  about  in  some  degree  by  other  conditions  which  should 
not  involve  much  change  of  temperature,  point  to  the  conclusion 
that  temperature  is  not  the  direct  cause  of  the  effects  observed, 
though  it  may  assist  in  bringing  about  the  state  which  is  the 
actual  cause.  Temperature  changes  would  be  closely  connected 
with  changes  in  vapor  density,  to  which  it  seems  reasonable  to 
attribute  many  of  the  results. 

It  is  the  writer's  opinion  that  not  enough  attention  has  here- 
tofore been  given  to  the  effects  of  changes  in  vapor  density  upon 
the  intensities  of  lines.  Is  it  not  possible  that  density  is  the  deter- 
mining element  for  the  relative  intensities,  as  pressure  seems  to 
be  for  displacements  and  the  use  of  the  magnetic  field  for  polar- 
ization properties?  Any  notions  as  to  the  action  of  change  of 
vapor  density  in  modifying  the  electrical  properties  of  the 
vibrating  particles  must  be  entirely  hypothetical,  but  it  is  easy  to 
conceive  that  such  actions  might  be  selective  in  their  nature, 
resulting  in  a  change  for  only  a  portion  of  the  lines. 

Comparing  my  results  with  some  observations  of  the  spark 
spectrum  which  have  been  published,  we  find  some  striking 
evidences  that  the  use  of  atmospheres  which  apparently  give 
lower  vapor  density  tend  to  make  the  arc  spectrum  similar  to 
that  of  the  spark  discharge.  Sir  William  and  Lady  Huggins  ■ 
found  that  when  the  density  of  calcium  vapor  in  a  vacuum  tube 
was  decreased  by  gradually  removing  the  calcium  from  the 
electrodes,  the  II  and  K  lines,  together  with  the  pairs  atX\3737, 
370G,  and  3179,  3159  were  weakened  much  less  rapidly  than  the 
other  lines  and  finally  were  the  only  lines  visible.  These  are 
the  lines  which  I   find    but   slightly    altered  by  changes  in  vapor 

'  A.S1  ROl'HYSICAL  Joi  RNAI.,  6,  77.  I$97- 
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density  in  the  arc.  Similarly,  the  photograph  of  the  spectrum 
of  the  spark  discharge  in  calcium  vapor  given  by  Eder  and 
Valenta1  shows  the  lines  XX 3737,  3706,  3179,  3159  to  have  many 
times  the  intensity  of  XX 3644,  3630  and  the  other  series  lines  in 
that  region.  This  state  is  approached  by  some  of  my  photo- 
graphs taken  with  the  arc  in  ammonia,  which  appeared  to  give  the 
lowest  vapor  density  of  the  gases  I  have  used.  Again,  the  table 
given  by  Eder  and  Valenta,2  in  which  their  measurements  of  the 
spark  lines  of  copper  are  compared  with  those  of  Kayser  and 
Runge  for  the  arc,  shows  that  if  the  standards  of  intensity 
adopted  by  the  two  pairs  of  observers  are  at  all  alike,  then  most 
of  the  lines  which  I  find  weakened  by  an  atmosphere  of  oxygen 
around  the  copper  arc  are  much  weaker  in  the  spark  spectrum 
than  in  that  of  the  arc. 

If,  as  is  very  probable,  the  vapor  density  in  vacuum  tubes  and 
in  the  spark  discharge  is  much  less  than  that  in  the  electric  arc, 
we  may  arrive  at  a  simple  explanation  of  the  action  of  hydrogen 
in  intensifying  certain  spark  lines,  as  observed  by  Crew  and 
Porter.  As  the  hydrogen  atmosphere  around  the  metallic  arc 
seems  to  have  much  the  same  action  as  ammonia  in  causing  the 
arc  to  burn  with  difficulty,  probably  reducing  the  vapor  density, 
we  are  led  to  the  idea  that  those  lines  which  appear  strongly  in 
the  spark,  and  faintly  or  not  at  all  in  the  arc,  maybe  lines  whose 
vibrations  require  a  low  vapor  density.  The  action  of  hydrogen 
in  strengthening  such  lines  in  the  arc  would  then  be  explained 
by  the  reduction  of  the  vapor  density,  thereby  bringing  the  con- 
ditions of  the  arc  to  approach  those  of  the  spark. 

Further  evidence  in  support  of  this  view  is  given  by  the  work 
just  published  by  Hartmann,3  who  finds  X4481,  as  given  by 
the  arc  between  magnesium  terminals,  much  increased  in 
intensity  when  a  current  as  small  as  0.4  ampere  is  used,  the 
arc  being  constantly  interrupted,  with  only  a  slight  heating  of 
the  terminals  and  little  vaporization  —  conditions  which  should 
give  a  low  vapor  density.     The  results  show  a  similarity  to   the 

1  Dcnkschriften  der  K.  Akadcmie  der  Wissenschaften  zu  IVien,  68,  534,  1900. 
*  Ibid.,  63,  189,  1896. 
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spark  spectrum  and  to  the  effects  given  by  the  arc  when  sur- 
rounded by  atmospheres  which  should  give  low  vapor  density. 

My  results,  then,  considered  in  connection  with  those  of 
others,  show  a  definite  selective  action  in  the  effects  of  sur- 
rounding atmospheres  on  spectral  lines — an  effect  evidently 
connected  with  the  series  relations  of  the  element.  All  of  the 
results  point  to  a  change  of  vapor  density  in  the  arc  as  the 
direct  cause  of  the  effects  observed.  The  tendency  of  a  low- 
vapor  density  seems  to  be  to  make  the  arc  spectrum  more  like 
that  of  the  spark. 

In  conclusion,  I  wish  to  express  my  thanks  to  Professors 
Slate  and  Lewis  for  constant  interest  in  the  work  and  many 
helpful  suggestions. 

University  of  California, 
Berkeley,  May  1903. 


ON  THE  SPECTRUM  OF  THE  SPONTANEOUS  LUMI- 
NOUS RADIATION  OF  RADIUM  AT  ORDINARY 
TEMPERATURES.1 

By  Sir  William  Huggins  and  Lady  Huggins. 

The  discovery  of  an  element  possessing  such  remarkable  and 
novel  properties  as  radium,  which  in  its  separate  and  distinct  form 
as  a  new  chemical  element  we  owe  to  the  researches  of  Professor 
and  Mmc  Curie,  has  already  thrown  many  beams  of  suggestive 
light  into  the  very  obscure  regions  of  the  constitution  of  matter. 
In  radium  we  have  a  body  which  appears  to  be  spontaneously 
and  without  ceasing  giving  off  energy  in  several  forms.  Accord- 
ing to  Professor  Rutherford,2  following  upon  the  work  of  Bec- 
querel,  M.  and  Mme  Curie,  and  others,  the  emanations  going  off 
from  radium  are  at  least  of  three  kinds:  first,  an  emanation  of 
heavy  corpuscles,  larger  in  mass  than  the  hydrogen  atom,  mov- 
ing with  a  high  velocity,  and  carrying  a  positive  charge  ;  secondly, 
of  negatively  charged  electrons  which  form  a  powerful  and  pene- 
trating cathode  emanation;3  and,  further,  of  a  radio-activity 
which  diffuses  from  the  radium  as  if  gaseous  in  its  nature.  In 
addition,  M.  and  Mme  Curie  have  found  that  radium  spon- 
taneously maintains  a  temperature  about  1^50  C.  above  the  sur- 
rounding temperature,  and  therefore  emits  heat  radiations  of 
wave-lengths  falling  within  the  infra-red  part  of  the  spectrum. 

Now,  in  addition  to  these  forms  of  radiant  energy,  the  glow- 
ing of  radium  in  the  dark  shows  that  it  emits  a  luminous  radiation 

1  From  advance  proofs  of  an  article  to  appear  in  the  Proceedings  of  the  Royal 
Society. 

2  Phil.  Mag.,  (6)  5,  445,  561,  1903. 

3  As  an  illustration  of  the  penetrative  power  of  the  radio-active  effects  of  pure 
radium  bromide,  the  following  experience  mav  be  recorded  here.  About  I  centigram 
of  radium  bromide  (Huchler  &  Co.,  Brunswick)  had  been  placed  in  an  upper  drawer 
of  my  writing  table,  while  in  a  lower  cupboard  of  the  same  table  was  a  store  of  photo- 
graphic plates.  After  a  week  or  two,  all  the  plates,  in  boxes  lying  upon  each  other 
three  or  four  deep,  were  found  to  be  as  completely  fogged  as  if  they  had  been  exposed 
to  light. 
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spontaneously  at  ordinary  temperatures.  It  appeared  to  us 
probable  that  in  this  glow  we  had  not  to  do  with  either  phos- 
phorescence or  fluorescence  as  usually  understood,  but  with  an 
independent  and  continuous  radiation  set  up  by  those  more  active 
molecules  which  are  supposed,  in  consequence  of  a  condition  of 
internal  instability,  to  be  the  source  of  all  the  phenomena  of 
radio-activity,  and  which  can  scarcely  fail  themselves  to  be 
violently  agitated,  in  connection  with  disruptive  molecular 
changes  —  especially  the  flinging  off  of  the  heavy  corpuscles  — 
during  which,  part  of  the  energy  stored  up  within  the  molecule 
is  liberated  in  the  kinetic  form. 

Taking  this  view  of  the  luminous  radiations  visible  to  the  eye, 
it  seemed  highly  probable  that  the  molecular  motions  by  which 
they  were  set  up,  whether  we  suppose  all  the  radium  molecules 
alike  to  be  concerned,  or  those  only  which  are  in  active  change, 
would  be  so  far  analogous  to  the  vibrations  produced  artificially, 
when  radium  vapor  is  rendered  luminous  in  a  flame,  or  by  the 
blow  of  an  electric  discharge,  as,  in  like  manner,  to  set  up  radi- 
ations of  certain  definite  wave-lengths  or,  in  other  words,  to 
furnish  a  spectrum  of  bright  lines. 

A  preliminary  prismatic  examination  of  the  glow  from  pure 
radium  bromide  was  attempted  by  eye.  In  consequence  of  the 
feebleness  of  the  light  under  dispersion  a  slit  spectroscope  could 
not  be  used.  A  thin  fragment  of  some  length  of  radium  was 
selected,  which  in  the  dark  shone  as  a  narrow  line  of  light;  when 
this  was  viewed  through  a  direct-vision  prism,  it  was  seen  to  be 
dispersed  into  a  spectrum  which  extended  from  the  blue  down 
to  about  D,  where  it  became  too  faint  to  be  traced  farther  in  the 
direction  of  the  red.  Within  this  faint  spectrum  certain  spots 
were  distinctly  brighter,  due,  in  all  probability,  to  the  presence 
of  bright  lines  at  those  positions  in  the  spectrum. 

The  success  of  this  preliminary  observation  encouraged  us  to 
hope  that  it  might  be  possible  by  availing  ourselves  of  the 
accumulative  power  of  continuous  photographic  exposure,  to 
obtain  a  record  of  the  blue,  violet,  and  ultra-violet  regions  of  the 
spectrum,  if  the  glow  radiations  extended  so  far. 

We  made  use  of  a  small  quartz  spectroscope  which  had  been 
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constructed  some  years  ago  for  very  faint  celestial  objects.  It 
consists  of  a  compound  quartz  prism  of  6o°,  consisting  of  two 
prisms  of  300  of  right-handed  and  left-handed  quartz  respectively. 
The  quartz  lenses  are  of  short  focus  and  of  large  angular  aper- 
ture, being  about  f=%.  The  focal  length  of  the  lenses  is  5^ 
inches;  they  are  plano-convex,  the  marginal  parts  of  the  convex 
surfaces  being  "figured"  to  diminish  spherical  aberration. 

The  solid  radium  bromide  was  placed  at  about  a  millimeter 
distance  in  front  of  the  slit,  which  had  to  be  wider  than  if  a  bright 
object  was  being  photographed  ;  the  width  was  about  TJ¥  inch. 
In  the  case  of  the  spark  spectrum  of  radium  and  the  comparison 
spectrum  of  nitrogen,  a  slit  of  less  than  half  this  width  was  used. 

With  the  exposure  of  twenty-four  hours,  faint  traces  of  two 
lines  were  seen  on  the  plate.  After  several  trials  the  negative 
reproduced  on  the  accompanying  plate  was  obtained  with  an 
exposure  of  seventy-two  hours.  The  reproduction  is  enlarged 
two  and  a  half  times.  The  spectrum  consists  of  eight  bright  lines, 
and  at  least  eight  faint  lines,  together  with  a  faint  trace  of  con- 
tinuous spectrum  in  the  blue  region,  which  does  not  come  out 
in  the  reproduction. 

In  consequence  of  the  wide  slit  and  the  small  scale  of  the  spec- 
trum, it  is  not  possible  to  measure  with  certainty  to  the  fourth 
figure,  but  the  probable  error  is,  we  think,  not  greater  than  two 
units  in  the  fourth  place. 

It  was  seen  at  once  that  the  two  very  strong  characteristic 
rays  of  the  spark  spectrum  of  radium,  in  this  part  of  the  spec- 
trum, namely,  X  3814.5  and  3649.6 l  were  not  present  on  the  plate. 
It  was  clear  that  the  spectrum  was  not  of  the  radium  molecule 
when  excited  by  the  electric  discharge.  It  was  indeed  not 
improbable  that  if  the  radiation  came  alone  from  the  most  active 
molecules,  which  were  suffering  loss  by  material  emanations, 
then,  if  we  may  accept  the  analogy  from  sound,  like  a  filed 
tuning-fork  they  would  no  longer  give  radiations  of  the  same 
wave-lengths  as  before. 

xFor  spark  spectrum  of  radium,  s*;e  Demartay,  Comptcs  Rendus,  129,  7S6,  and 
131,  258;  Exner  and  Haschek,  IViett.  Akad.  Sizbtr.,  no,  July  1901  ;  Runge,  Astro- 
physical  Journal,  12,  1. 
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On  comparing  the  new  spectrum  with  the  band  spectrum  of 
nitrogen,  seven  of  the  strongest  lines  were  found  to  agree,  not 
only  in  position,  but  also  in  intensity,  and  in  character  with  those 
of  the  three  nitrogen  bands  in  this  part  of  the  spectrum. 

The  positions  of  the  three  bands  are,  according  to  Ames,1 
x3576.85,  337T-2  and  3158.Q. 

Indications  of  other  lines,  besides  those  which  can  be  seen  in 
the  reproduction,  can  be  faintly  glimpsed  on.  the  negative. 
There  seems  little  doubt  that  with  a  longer  photographic  exposure 
a  more  complete  spectrum  will  be  obtained.  We  have  now 
secured  some  radium  bromide  prepared  by  the  Societe  Centrale 
de  Produits  Chimiques,  and  it  is  our  intention  to  take  photographs 
of  this  salt  as  well  as  photographs  of  the  German  salt  with 
longer  exposures.  It  may  then  be  that  indications  of  helium, 
and  possibly  of  radium  itself,  may  be  forthcoming. 

Nearly  the  whole  of  the  ultra-violet  radiations  appear  to  come 
from  nitrogen,  and  we  think  it  best  to  refrain  from  any  discussion 
at  this  moment.  Havewe  todo  with  occluded  orwith  atmospheric 
nitrogen?  The  remarkable  fact  should  be  pointed  out  that  in 
radium  we  have  a  body  which  at  the  ordinary  temperature  sets 
up  radiations  which  are  similar  to  those  which  have  hitherto  only 
been  obtained  in  connection  with  the  electric  discharge. 

Description  of  the  plate. — At  the  top  is  placed  a  scale  of 
approximate  wave-lengths.  Immediately  below  is  a  reproduc- 
tion, enlarged  two  and  a  half  times,  of  the  spectrum  obtained 
from  the  radium  bromide  with  an  exposure  of  seventy-two  hours. 
As  has  been  already  explained,  this  has  been  shifted  to  bring  the 
lines  into  position  with  those  of  nitrogen  photographed  from  a 
vacuum  tube.  The  identity  of  the  two  spectra  seems  complete. 
The  third  band  is  faint  in  the  nitrogen  spectrum  on  account  of 
the  absorption  of  the  glass  of  the  tube. 

Below  is  a  spark  spectrum  of  radium  bromide  from  the 
Societe  Centrale  de  Produits  Chimiques.  The  H  and  K  lines  of 
calcium  are  present,  as  well  as  faintly  some  of  the  stronger  lines 
of  barium.     The  characteristic  lines  of  radium  at  X38 14.59  and 

x  Phil.  Mag.y  (5)  30.  57,   1890.     See  also  Deslandres,  Comptes    Rendus,  101, 

1256;  and  l'KRriYAi.  Lewis,  Astroi'hysical  Journal,  ia,  8. 
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3649.7  come  out  strongly,  as  well  as  the  strong  line  recorded  by 
Demarcay  at  X 4340.6.  A  strong  line  about  X2710  was  placed  by 
Berndt1  at  X2708.6.  The  strong  line  a  little  beyond,  about  X28 14 
is  due  to  radium.  We  do  not  recognize  several  lines  recorded 
by  Exner  and  Haschek3  in  this  part  of  the  spectrum. 

1  Phys.  Zeitschr.,  2,  No.  12  (1900-1). 

* Sitzb.  Ak.  Wiss.  IVitn.,  no,  July  4,  1 90 1. 
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Problems  in  Astrophysics.      By   Miss  A.  M.  Clerke.     London: 
A.  &  C.  Black,  1903. 

It  is  not  possible  to  separate  entirely  the  child  Astrophysics  from 
the  parent  Astronomy.  The  two  are  mutually  dependent  in  much 
of  their  instrumental  equipment  and  in  many  of  their  methods,  and 
their  results  are  often  intimately  related.  Radial-velocity  determina- 
tions, for  example,  are  based  largely  upon  astrophysical  methods,  but 
the  direct  results  are  mostly  astrometrical.  However,  the  newer  term 
serves  an  exceedingly  useful  purpose,  and  has  become  permanently 
fixed  in  our  literature.  In  general,  we  may  say  that  the  older  astron- 
omy is  concerned  with  the  determination  of  the  structure  of  the  sidereal 
universe ;  with  the  arrangement  of  the  sidereal  units  in  space,  and 
with  their  motions  and  relations  in  accordance  with  Newton's  law  of 
gravitation.  Astrophysics,  on  the  contrary,  is  interested  in  determin- 
ing tchat  the  stars  really  arey  and  what  the  history  of  their  develop- 
ment has  been. 

The  beginning  of  astrophysical  inquiry  is  old,  but  until  the  last 
half-century  its  results  were  surprisingly  few.  Theories  of  planetary 
evolution  by  Kant  and  Laplace,  the  observations  and  wonderfully 
sagacious  deductions  of  the  elder  Herschel,  and  studies  of  planetary 
conditions  and  of  Sun-spots,  constituted  the  main  body  of  the  science 
up  to  1S59.  But  the  spirit  of  inquiry  as  to  the  nature  and  history  of 
the  heavenly  bodies  was  latent  in  many  quarters:  and  KirchhofFs  super- 
latively important  discovery  that  "the  light  which  reveals  to  us  the 
existence  of  the  heavenly  bodies  also  bears  the  secret  of  their  constitu- 
tion and  physical  condition,"  opened  a  gateway  to  Comte's  forbidden 
field  which  many  were  ready  to  enter.  The  pioneer  work  of  Seech i, 
Huggins,  Vogel,  Young,  and  their  colleagues  in  the  next  quarter- 
century  was  very  fruitful.  Their  results,  originally  scattered  through 
the  journals,  were  collected  and  systematized  by  Roscoe,  Schellen, 
Kayser,  and  later  by  Scheiner  and  Gierke;1  but  the  speed  of  develop- 
ment in  the  past  fifteen  years  has  been  such  that  astrophysical  litera- 
ture is  again  widely  scattered.    This  statement  will  not,  I  trust,  be  con- 

1  Mi^s  Ci.KRKE.    The  System  of  the  Stars,  1890. 
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strued  into  an  overlooking  of  the  colossal  work  on  general  spectroscopy 
now  issuing  from  the  able  pen  of  Professor  Kayser.  A  historical  and 
critical  survey  of  astrophysics  is  greatly  needed,  and  the  appearance  of 
Miss  Gierke's  volume  could  scarcelv  have  been  better  timed. 

The  author's  intention,  as  announced  in  the  preface,  "is  not  so 
much  to  instruct  as  to  suggest.  It  represents  a  sort  of  reconnaissance, 
and  embodies  the  information  collected  by  scouts  and  skirmishers 
regarding  practicable  lines  of  advance  and  accessible  points  of  attack. 
....  Before  attempting  to  add  to  our  store  of  learning,  we  must 
realize  what  is  already  possessed."  This  statement  of  purpose  has 
been  consistently  adhered  to.  By  way  of  suggestions  for  future  lines 
of  research  this  book  is  the  richest  one  known  to  me. 

The  physical  study  of  the  Sun  forms  the  basis  of  astrophysical 
research  more  fully  perhaps  than  astronomers  themselves  have  realized. 
It  is  the  only  star  near  enough  to  be  studied  in  some  geometrical 
detail,  all  other  stars  giving  integrated  images  which  practically  are 
mathematical  points.  It  is  likewise  the  only  star  bright  enough  to 
supply  satisfactory  metrical  standards  demanded  in  the  study  of  other 
stars.  Miss  Gierke  devotes  the  first  third  of  the  volume  to  a  treatment 
of  the  Sun.  After  outlining  "The  Progress  of  Solar  Physics,"  there  are 
chapters  on  "The  Ghemistry  of  the  Sun,"  "The  Reversing  Layer," 
"The  Photosphere,"  "The  Sun  spots,"  "The  Faeuhe  and  Promi- 
nences," "The  Ghromosphere,"  "The  Gorona,"  "The  Sun's  Rotation," 
"The  Solar  Cycle,"  and  "The  Sun  as  a  Whole." 

The  difficulties  of  solar  studv,  in  spite  of  comparative  nearness  and 
intense  brightness,  are  very  great.  It  is  not  generally  appreciated  that 
we  are  unable  to  study  the  body  of  the  Sun,  except  by  very  indirect 
methods.  Its  interior  is  invisible;  the  photospheric  veil  hides  it  com- 
pletely from  view.  The  photosphere,  chromosphere,  prominences, 
corona,  etc. —  the  only  portions  accessible  for  direct  observ.it ion  are 
an  insignificant  part  of  its  mass.  They  are  literally  the  Sun's  outcasts. 
Our  knowledge  of  the  Sun  as  a  whole  is  based  almost  entirely  upon  a 
study  of  these  outcasts.  We  might  hope  to  reach  sate  conclusions  as 
to  the  characteristics  of  a  hermit  nation  bv  making  a  careful  study  of  its 
banished  subjects,  provided  the  obseived  tvpes  correspond  with  types 
produced  by  our  own  civilization;  but  if  new  tvpes,  new  customs,  new 
forms,  presented  themselves  on  a  stupendous  scale,  and  were  observable 
only  at  long  range,  our  conclusions  as  to  the  country  from  which  they 
were  expelled  should  come  slowly  and  uncertainly.  It  is  difficult  to 
say  what   the   chromosphere    is.       To  determine    what  the   conditions 
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within  the  bodv  of  the  Sun  must  be  in  order  to  create  and  maintain 
such  an  outcast  shell  is  far  more  difficult. 

Again,  the  ordinary  photographic  or  visual  image  of  the  Sun  is  an 
integrated  one.  A  coronal  photograph  secured  at  a  total  eclipse  is  the 
result  of  a  projection  upon  and  into  one  plane,  at  right  angles  to  the 
line  of  sight,  of  all  that  remains  of  the  Sun  after  subtracting  the 
(approximate)  cylinder  of  matter  hidden  by  the  Moon.  The  tops  of 
some  coronal  streamers,  the  intermediate  portions  of  others,  the  bases 
of  those  near  the  limb,  the  corresponding  parts  of  prominences  and 
chromosphere,  are  all  projected  into  one  point,  illuminated  in  part  by 
reflected  and  in  part  by  inherent  light.  Whether  every  man  who  has 
gone  forth  to  solve  the  riddle  of  the  corona  has  fully  realized  the 
odds   against   success  is   doubtful. 

Imperfections  in  atmospheric  conditions  are  perhaps  more  liable  to 
introduce  uncertainties  in  solar  observations  than  in  any  other  class. 
Whether  Janssen's  reseau  photospheriquc  phenomena  are  of  solar  or  ter- 
restrial origin  is  still  uncertain,  as  Miss  Gierke  states  on  p.  17,  but 
Hale's  recent  results  with  the  spectroheliograph,  in  which  the  image  is 
built  up  from  one  limb  to  the  opposite  limb  in  some  two  or  three  min- 
utes, confirm  the  pretty  general  belief  that  the  effect  is  purely  terres- 
trial. 

The  impossibility  at  present  of  reproducing  solar  phenomena  in 
our  laboratories  is  recognized  as  our  most  severe  limitation.  There  is 
scarcely  one  result  to  be  obtained  by  interpolation  :  extrapolation  is 
demanded  everywhere,  and  at  great  distances  beyond  the  range  of 
observed  points  in  the  curves.  Such  decided  extensions  of  our 
resources  as  the  electric  furnace  provides  seem  at  best  but  beginnings 
toward  what  is  required.  And.  as  Miss  Gierke  repeatedly  points  out, 
our  knowledge  of  the  effect  of  the  presence  of  one  vapor  upon  the 
spectrum  of  another  vapor  is  almost  wholly  wanting.  Evidence  is  not 
lacking,  however,  that  such  effects  must  be  both  common  and  potent. 

There  can  be  no  doubt  that  the  Sun  is  a  very  tempestuous  body. 
It  is  probable  that  convection  currents  are  on  a  scale  so  great  and  have 
at  times  a  speed  so  high  that  we  have  difficulty  in  adequately  realizing 
their  immensity.  1  fear,  therefore,  that  Miss  Gierke's  division  of  the 
solar  outcasts  into  "several  distinct  envelopes  "  overlying  the  photo- 
sphere (p.  i<>)  reversing  layer,  chromosphere,  corona,  etc.  —  is  some- 
what too  definite,  even  with  her  qualifying  remark  that  none  of  them 
is  "apparentlv  in  a  condition  of  atmospheric  equilibrium."  Our  direct 
evidence  ot  disturbance  in   the  photosphere  is  limited  largely  to  the 
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visible  spots,  but  the  faculae  and  prominences  are  almost  certainly  the 
results  of  disturbances  generally  invisible.  In  this  connection  it  would 
be  well,  I  think,  to  modify  the  statement  on  p.  74,  "  but  faculae  exist 
abundantly  where  there  are  no  spots,"  to  read  where  there  are  no  visi- 
ble spots.  Faculae  accompany  very  small  spots  as  well  as  large  ones. 
It  is  natural  that  there  should  be  countless  invisible  spots,  and  that 
they  as  well  as  the  large  ones  should  be  surrounded  by  faculae.  Spots 
one  second  of  arc  (650  kilometers)  in  diameter  could  easily  escape 
notice.  There  is  little  doubt  that  the  coronal  streamers  springing  from 
every  part  of  the  sphere  are  produced  in  some  way  by  powerful  but 
invisible  disturbances  in  all  parts  of  the  surface.  There  is  certainly  a 
close  relation  between  spots  and  faculae,  and  the  latter  are  not  confined 
to  the  spot  zones;  between  chromosphere  and  prominences;  and 
between  prominences  and  at  least  the  inner  part  of  the  corona.  The 
tremendous  cone  of  disturbance  in  the  corona  of  190 1  (Sumatra)  and 
in  its  apparent  situation  immediately  above  the  large,  and  only  Sun- 
spot  visible  near  that  date,  discovered  by  Perrine'--  perhaps  inadver- 
tently not  mentioned  in  Problems  in  Astrophysics  —  is  also  very  signifi- 
cant. Not  to  dwell  on  the  details  longer,  it  seems  to  me  that  the 
strata  above  the  photosphere  must  be  highly  confused,  though  there  is 
no  doubt  that  the  order  of  elevation  generally  assigned  to  the  revers- 
ing layer,  chromospheie,  etc.,  is  correct.  If  the  zeal  displayed  by  a 
successful  comet  hunter  were  devoted  to  searching  for  changes  in  the 
solar  spectrum,  rich  rewards  could  reasonably  be  expected. 

These  statements  are  not  opposed  to  the  fact  that  progress  must  be 
made  by  differentiating  and  isolating  various  kinds  of  phenomena  ; 
and  those  instruments  and  methods  which  have  this  power  most  mark- 
edly are  the  most  promising.  The  spectrograph^  method  of  differ- 
entiating, including  the  line-displacement  principle,  has  had  no  equal  ; 
and  the  extension  of  it  by  the  two-slit  spectroheliograph  has  been  a 
real  advance.  Much  can  reasonably  be  expected  from  Hale's  improved 
form  of  this  instrument. 

The  value  of  a  solar  eclipse  as  a  partial  differentiator,  through  the 
elimination  of  photospheric  light,  should  not  be  overlooked.  Surprising, 
indeed,  is  the  impetus  given  to  solar  study  by  eclipse  observations. 
Our  knowledge  of  the  existence  of  the  reversing  layer,  the  chromo- 
sphere, the  prominences,  and  the  corona,  is  an  eclipse  product;  and 
so  are  many  of  our  present  everyday  methods  of  studying  them.     The 

1  Lick  Observatory  Bulletin  No.  18,  and  Clerkk's  History  of  Astronomy,  4th  ed., 
p.  190. 
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richness  of  eclipse  results,  considering  the  remarkably  short  intervals 
available  for  observation,  is  unique  in  science.  Nor  are  eclipse  prob- 
lems all  solved  ;  every  such  event  brings  its  returns.  Whether  the 
reversing  layer  and  chromosphere  can  ever  be  studied  equally  well 
without  an  eclipse  is  a  question.  They  probably  cannot,  by  means 
now  available,  but  Hale's  observation  of  carbon  bright  lines  near  the 
photosphere  shows  clearly  that  the  effort  should  be  made.  Limitations 
in  quality  may  be  more  than  balanced  by  continuity  and  timeliness. 
The  reviewer  agrees  with  Miss  Clerke  (p.  135)  that  "the  prospect  ts 
dim  of  realizing  "  success  in  observing  the  corona  without  an  eclipse, 
at  least  along  the  lines  of  attack  thus  far  attempted.  Any  chance  for 
even  moderate  success  would  seem  to  be  limited  to  the  gaseous  inner 
portion,  and  a  daily  record  of  this  would  no  doubt  be  extremely  valu- 
able, but  the  real  problem  of  the  corona  would  remain  unsolved. 

Miss  Clerke  refers  to  the  possibility  that  electrical  or  magnetic 
forces  are  playing  prominent  parts  in  solar  and  stellar  phenomena  ; 
and  while  positive  evidence  of  their  action  has  not  yet  been  recog- 
nized, the  idea  is  a  valuable  one,  and  observers  would  do  well  to  apply 
tests  for  Zeeman  and  other  effects  whenever  opportunity  offers.  In 
this  connection,  I  have  been  more  than  surprised  to  find  no  mention 
of  Arrhenius's  theory  of  light-  and  heat-pressure  effects  in  the  pro- 
duction of  the  more  extended  solar  phenomena.  Nichols's  proof  that 
theory  is  in  agreement  with  observation  on  this  question  requires  us  to 
consider  whether  such  forces  at  the  Sun's  surface  may  not  be  sufficient 
to  create  observable  movements  of  finely  divided  matter  existing  at 
photospheric  temperatures.  Is  it  not  possible  that  the  resultant  of 
gravity  and  light-  and  heat-pressures  is  small  for  very  minute  particles, 
and  that  herein  lies  the  explanation  of  the  hypothetical  principle  of 
"  levity"  referred  to  by  the  author,  on  p.  51  and  elsewhere  ? 

The  salient  points  in  solar  progress  have  received  masterful  treat- 
ment from  Miss  Clerke.  Especially  well  is  attention  called  to  the  gaps 
in  our  knowledge.  Many  of  them  could  be  filled,  at  least  in  part,  by  the 
energetic  use  of  apparatus  now  in  existing  observatories,  while  others 
demand  new  and  expensive  equipments,  with  ample  provision  for  their 
systematic  application.  The  Sun  as  the  great  exemplar  of  our  science 
is  receiving  but  scant  attention. 

Part  II,  375  pages  on  "  Sidereal  Physics,"  is  a  very  able  presenta- 
tion of  facts  and  theories  for  all  known  types  of  stars,  and  for  nebulae. 
It  is  not  so  systematic  as  the  author's  treatment  of  "Solar  Physics," 
but  the  nature  of  the  subject,  and  the  scattered  character  of  observed 
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facts,  forbid.  There  are  chapters  on  all  the  principal  spectrum  types, 
on  all  the  types  of  variable  stars,  on  all  known  classes  of  nebulae,  on 
the  spectra  of  double  stars,  on  spectroscopic  binaries,  new  stars,  dark 
stars,  and  the  Milky  Way,  etc. ;  forty-one  chapters,  each  rich  with  the 
most  salient  facts  of  observation,  with  theories  very  wisely  and  con- 
servatively discussed,  and  with  constant  suggestion  as  to  points  most  in 
need  of  strengthening  by  observation.  The  impossibility  of  doing 
justice  to  so  extensive  a  work  in  a  brief  review  will  be  evident  to  all. 

The  field  of  stellar  and  nebular  investigation  has  its  own  difficulties. 
The  quantity  of  light  received  from  a  star  or  nebula  is  really  very 
minute;  a  stellar  spectrum  is  an  integrated  result,  for  photosphere, 
reversing  layer,  chromosphere,  prominences,  and  corona  —  all  fall  in 
one  small  point,  as  viewed  from  the  Earth;  the  distances,  diameters, 
and  in  nearly  all  cases  the  masses,  are  unknown,  leaving  us  without 
basis  for  correlating  masses,  quantity,  and  intensity  of  light ;  the 
amount  of  measurement  accurate  according  to  today's  standard  is 
small ;  little  effort  has  been  devoted  to  the  ultra-violet  region,  so 
important  from  temperature  considerations;  and  laboratory  accom- 
paniments are  but  just  beginning  on  a  requisite  scale.  Nevertheless, 
the  mass  of  solid  fact  brought  within  the  realm  of  knowledge  in  the 
past  forty  years  is  exceedingly  encouraging. 

The  foundation  of  every  philosophic  treatise  on  the  stars  must  rest. 
so  far  as  information  now  avaible  is  concerned,  upon  a  classification  of 
stars  according  to  spectral  types,  preferably  in  the  order  of  their  sup- 
posed evolution  from  nebulae  to  dark  stars.  Miss  Gierke  treats 
nebulae  last  of  all.  This  is  not  the  order  of  nature,  but  the  plan  has 
its  advantages,  principally  because  we  know  too  little  about  the  nebulae 
and  their  processes  of  transition  to  stellar  states.  The  astrophysical 
treatise  of  the  future  will  probably  begin  with  the  nebula?  —  or  perhaps 
with  the  origin  of  the  nebulae!  Miss  Gierke  assigns  all  stellar  spectra 
to  eight  classes :  four  showing  absorption  spectra  only,  and  four  marked 
by  both  absorption  and  emission  spectra.  The  first  five  classes  are:  1, 
helium  stars,  brilliantly  white,  hydrogen  and  helium  absorption  pre- 
dominating, the  Orion  and  Pleiades  stars  as  illustrations;  II,  hydrogen 
stars,  with  intense  hydrogen  absorption,  feeble  and  thin  calcium  H 
and  K,  feeble  iron  lines,  with  Vega  and  Sinus  as  examples;  III,  solar 
stars,  with  innumerable  metallic  lines,  the  lower  hydrogen  lines, 
and  broad  and  heavy  H  and  K,  with  the  Sun  and  Arcturus  as  types  ; 
IV,  stars  with  fluted  spectra,  containing  a  great  number  of  fine  dark 
lines,  with  superposed  heavy  absorption  flutings  whose  heads  are  toward 
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the  violet,  a  Oriom s  and.  a  Her  cults  as  illustrations;  V,  carbon  stars, 
with  innumerable  dark  lines,  very  feeble  in  violet,  strong  carbon 
absorption  flutings  and  many  apparent  bright  lines,  19  Piscium  being 
typical. 

This  scheme  of  classification  differs  very  little  from  Secchi's  four- 
type  system.  Classes  I  and  II  are  subdivisions  of  Secchi's  Type  I. 
Class  III  is  Secchi's  II,  and  IV  and  V  are  Secchi's  III  and  IV.  It  is 
in  effect,  also,  a  condensation  of  Miss  Maury's  system  of  more  than 
twenty  groups.  It  is  of  course  understood  by  all  readers  that  any  such 
scheme  of  classification  will  divide  the  stellar  spectra  into  compart- 
ments only  very  imperfectly  :  there  will  be  many  spectra  on  the  border 
lines  between  classes,  especially  in  Classes  I,  II,  and  III.  Classes  IV 
and  V  have  more  individuality  than  the  others. 

Secchi's  classification  has  been  a  most  fortunate  and  useful  one. 
For  general  purposes  it  is  satisfactory  even  today,  when  the  observa- 
tional data  are  almost  incomparably  more  numerous  and  accurate  than 
when  Seech i  formed  it ;  and  I  doubt  whether  the  time  has  come  to 
replace  it  with  another.  The  Harvard  system  is  very  useful,  and  per- 
fectly justifiable,  as  an  expression  of  the  results  of  systematic  exami- 
nation and  study  of  a  great  number  of  spectra.  But  its  general 
adoption  in  the  daily  work  of  astrophysicists  would  seem  to  be  unwise 
for  the  present,  in  view  of  our  very  imperfect  knowledge  of  the  tem- 
perature and  other  basic  conditions  underlying  the  real  system  of 
stellar  development.  New  determinations  of  the  spheroidal  constants 
of  the  Earth,  or  of  the  aberration  constant,  based  upon  the  latest 
data,  are  extremely  valuable;  but  to  adopt  each  improved  spheroid  as 
a  basis  for  government  surveys,  or  each  improved  aberration  constant 
in  astronomical  yearbooks,  would  lead  to  hopeless  confusion.  For 
similar  reasons  I  regret  the  division  of  Secchi's  I  into  Miss  Clerke's  I 
and  II,  and  the  mechanical  shifting  of  the  former's  II,  III,  and  IV  to 
the  hitter's  III,  IV,  and  V.  The  highly  desirable  distinctions  which 
Miss  Clerke  desired  to  call  attention  to  in  stars  of  Secchi's  I  could 
have  been  accomplished  more  wisely,  1  think,  by  some  subclassification 
analogous  to  Vogel's  —  notwithstanding  the  very  important  calcium- 
absorption  distinctions  covered  by  her  plan.  Again,  her  Class  VI 
stars,  having  fluted  spectra  and  showing  hydrogen  and  other  bright 
lines,  includes  only  the  variables  of  the  o  Ceti  type.  They  are  cer- 
tainly very  closely  related  to  her  Class  IV  stars.  The  spectra  of  the 
variables  apparently  differ  from  those  of  Class  IV  only  in  having 
bright  lines,  induced  probably  by  the  forces  which  produce  variations 
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in  brightness  ;  and  in  this  case  a  subclass  of  IV  would  certainly  be 
satisfactory  and  more  logical.  Helium  stars  with  bright  lines  and 
Wolf-Rayet  stars  are  assigned  to  Classes  VII  and  VIII,  Miss  Clerke 
states  that  "no  hypothesis  of  growth  and  affinity  is  implied  by  the 
order  of  succession  given  to  the  bright  line  objects,"  though  "it  cer- 
tainly rests  upon  broad  and  unmistakable  distinctions."  Class  VII  is 
certainly  closely  related  to  the  Class  I  helium  stars,  and  a  subdi- 
vision for  these  under  I  would  seem  to  me  both  advantageous  and 
natural.  Of  their  close  relationship  there  is  no  doubt,  and  many  facts 
could  be  cited  in  that  connection.  Space  prevents  reference  to  more 
than  the  bright  lines  in  spectra  of  Alcyone,  Pleione,  /x  Centauri,  etc., 
and  the  absence  of  the  bright  lines  from  many  otherwise  almost  identi- 
cal spectra  of  Class  I.  The  assignment  of  a  special  class  to  the  Wolf- 
Rayet  stars —  Miss  Clerked  VIII,  Pickering's  V  —  seems  necessary  at 
present,  as  no  one  is  now  able  to  fix  their  relation  to  other  spectra. 
These  stars,  like  comets,  seem  to  stand  out  from  any  system  of  stellar 
evolution,  but  we  should  be  fully  justified,  I  think,  in  saying  that  they 
are  comparatively  new  stars.  It  is  also  possible  that  they,  as  well  as 
other  stars  of  peculiar  spectral  types,  are  alien  to  the  main  sidereal 
system,  and  have  no  place  in  the  sequence  of  development  of  ordinary 
stars;  but  this  seems  very  improbable. 

In  the  absence  of  full  information  as  to  what  conditions  produce 
bright  lines  in  stellar  sp)ectra  —  whether  in  y  Cassiopciae  or  in  oCeti  — 
it  is  difficult  to  say  why  certain  stars  have  bright  lines  and  others  have 
not.  It  is  a  constant  surprise  to  me  that  bright-line  spectra  are  not 
vastly  more  numerous  than  we  have  found  them  to  be.  Miss  Clerke's 
reference  to  Classes  I  and  II  as  unveiled,  in  contradistinction  to  the 
Sun's  photospheric  veil,  may  prove  to  be  a  very  useful  one.  It  proba- 
bly has  a  basis  in  fact,  though  of  this  we  have  no  positive  proof.  It 
would  be  surprising  if  the  formation  of  bright  lines  is  not  favored  by 
the  absence  of  a  photospheric  veil.  The  study  of  bright  line  spectra  is 
one  of  the  most  fascinating  and  important  subjects  in  spectroscopy. 
They  appear  to  represent  critical  periods  in  stellar  development,  or  to 
accompany  rapid  changes,  as  in  variable  stars.  Systematic  study  of 
such  spectra  is  greatly  needed.  The  field  is  undoubtedly  a  rich  one. 
It  is  but  a  few  years  since  the  discovery  was  made  of  both  bright  and 
dark  lines  of  hydrogen  in  the  same  spectrum,  the  bright  lines  growing 
weaker  from  red  to  violet,  and  the  dark  lines  growing  stronger.  Enough 
additional  evidence  has  been  collected  to  indicate  that  a  general  prin- 
ciple is  here  involved  ;  and  Kayser's  explanation,  or  some  other  equally 


1 64  REVIEWS 

simple  one,  will  probably  establish  its  fundamentally.  As  a  case  in 
point,  since  Miss  Clerke  wrote  (p.  220),  "the  invisibility  (up  to  the 
present)  of  hydrogen  in  the  carbon  stars  is  not  easily  accounted  for," 
a  long-exposure  spectrogram  secured  with  the  Yerkes  two-foot  reflector 
has  shown  strong  dark  Hy  and  Hi  lines  in  the  red  star  19  Piscium, 
whereas  Hfi  is  bright  or  missing  in  all  observed  stars  of  that  type. 
The  laboratory  investigations  of  Hale  and  others  on  spark  spectra 
obtained  under  high  pressure  show  somewhat  analogous  phenomena, 
but  of  their  correct  interpretation  I  do  not  feel  sure. 

It  is  very  unfortunate  that  our  knowledge  of  temperature  relations 
in  stars  of  various  types  is  so  defective.  The  paucity  of  laboratory 
results  is  perhaps  the  major  cause.  The  great  importance  and  attract- 
iveness of  work  along  this  line  is  evident  to  those  who  have  followed 
investigations  on  the  magnesium  line  at  X4481  by  Scheiner,  Huggins, 
and  others,  or  on  the  relation  between  arc  and  spark  spectra  by  Hart- 
man  n.  Very  few  such  researches  are  sufficient  to  modify  greatly  our 
views  on  stellar  temperature  relations. 

In  this  connection,  attention  should  be  called  to  the  great  need  for 
extensive  observations  of  stellar  ultra-violet  spectra,  along  the  lines 
pointed  out  by  Huggins.  If  the  truly  continuous  portion  of  the  ultra- 
violet in  solar  types  is  relatively  stronger  than  in  helium  stars,  that 
surprising  fact  should  be  fully  established. 

Miss  Gierke's  computations  for  the  masses  and  radiative  powers  of 
various  stars,  leading  to  results  very  widely  different  from  those  for  our 
Sun,  are  extremely  interesting,  and  they  in  a  sense  mark  the  opening 
of  a  new  field  of  great  significance.  Unfortunately,  the  available  paral- 
laxes for  many  of  these  stars  are  so  uncertain  as  to  introduce  large 
uncertainty  into  her  numerical  results.  The  need  for  better  and  more 
numerous  parallax  data  is  at  least  as  pressing  in  astrophysics  as  in  the 
study  of  the  distribution  of  the  stars  in  space,  and  it  is  fortunate  that 
extensive  plans  are  forming  at  several  observatories  to  supply  the 
deficiency.  However,  granting  the  sufficiency  of  the  author's  parallax 
data,  the  tremendous  radiative  powers  arrived  at  for  certain  stars  need 
not  wholly  surprise  us.  There  are  certainly  no  more  startling  facts  in 
all  astronomy  than  those  of  o  Ceti  varying  in  brilliancy  four-thousand- 
fold, with  very  little  change  in  spectral  type;  of  Nova  Cygni  varying 
from  third  to  fifteenth  magnitude,  the  spectrum  at  the  present  lower 
limit  being  continuous,  without  any  evidence  of  bright  lines;  and  of 
Nova  Per  set  decreasing  from  the  first  in  brilliancy  in  the  northern  hemi- 
sphere to  below  the  tenth  magnitude.     In  these  cases  the  ratio  of  mass 


REVIEWS  165 

to  quantity  of  light  radiations  has  had  a  remarkable  range.  It  is 
impossible  to  say  what  the  brightness  of  the  Sun  would  be  if  its  photo- 
spheric  veil  were  suddenly  removed. 

Among  the  most  interesting  chapters  in  the  book  are  those  on 
variable  stars.  Excepting  the  new  stars,  a  half  dozen  A/go/ and  $  Ccphci 
types,  fiLyrae  and  o  Cetiy  our  knowledge  of  variable  star  spectra  is 
remarkably  slight.  No  well-equipped  observer  has  devoted  himself 
entirely  or  in  the  main  to  that  subject.  They  offer  a  great  variety  of 
phenomena,  and  afford  almost  exclusive  opportunities  to  observe  spec- 
tral changes  in  rapid  progress.  Miss  Clerke  emphasizes  the  need  for 
more  work.  There  is  in  my  opinion  no  richer  field  awaiting  systematic 
cultivation.     The  number  of  variables  known  is  about  1200. 

The  author's  urgent  recommendation  that  the  bright  lines  in  varia- 
ble star  spectra  be  tested  for  Zeeman  effect  is  timely.  The  reviewer 
has  held  the  subject  in  mind  for  several  years  in  connection  with  the 
triple  Hy  and  Hh  of  o  Ceti,  but  when  the  star  was  in  favorable  position 
the  lines  have  been  either  single  or  too  faint  for  such  observation. 
The  Lick  tests  on  the  broad  bands  of  Nova  Persci  in  1901,  and  of 
Arova  Gcminorum  in  1903  —  no  decrease  in  width  resulting  from  a 
rotating  Nicol  prism  —  seem  to  be  the  only  applications  of  such  tests 
to  stars  thus  far  made. 

Many  interesting  features  of  variable-  and  double-star  spectra,  of 
nebulae,  star  clusters,  etc.,  merit  the  reviewer's  attention,  but  lack  of 
space  prevents. 

In  a  book  written  in  so  broad  a  spirit,  it  would  be  invidious  for  the 
reviewer  to  enumerate  the  fifteen  or  twenty  minor  errors  noticed,  but 
a  few  should  be  referred  to.  On  p.  500,  Keeler's  result  is  misinter- 
preted—  that  in  the  hydrogen  vacuum  tube  "the  third  line  (Hy) 
always  vanishes  experimentally  before  the  first  (Ha)y  while  in  a  nebula 
it  (Hy)  shines  unfailingly,  although  Hfix  be  imperceptible."  The  Hft 
is,  I  think,  visually  much  brighter  in  all  nebuloe  than  is  Hy,  though 
Hy  is  brighter  than  Ha.  Again,  at  the  top  of  p.  501,  the  uninformed 
reader  will  undoubtedly  credit  the  discovery  of  variations  in  the  rela- 
tive intensities  of  the  Orion  nebular  lines  to  one  of  the  several  observ- 
ers who  confirmed,  and  not  to  the  discoverer  who  bore  the  brunt  of 
the  unusually  hostile  criticisms  following  the  announcement  of  his 
discovery. 

On  p.  394,  1.  13,  the  erroneous  dates  "7th  and    13th   November" 

'Since  this  review  has  been  put  in  type,  it  seems  probable  that  ///3  in  the  quota- 
tion is  a  misprint  for  Ha. —  W.  W.  C. 
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instead  of  the  correct  dates  gth  and  13th,  are  extremely  unfortunate, 
though  the  dates  were  stated  correctly  in  the  author's  History  of  Astron- 
omy, 4th  ed.,  p.  401. 

It  is  to  be  regretted  that  the  illustrations  of  nebulae,  clusters,  etc., 
are  not  the  most  modern  obtainable. 

Miss  Gierke's  book  is  in  my  opinion  most  ideally  planned:  its  his- 
tory is  fairly,  but  inconspicuously,  complete;  only  relevant  facts  are 
stated;  theory  has  not  run  away  with  observation;  the  defective  corners 
in  our  field  of  knowledge  are  pointed  out;  the  style  is  lucid,  attractive, 
and  logical ;  and  to  me  its  most  remarkable  feature  is  the  wonderfully 
correct  estimate  of  the  relative  values  of  observations,  by  an  author 
with  little  or  no  experience  in  making  observations. 

W.  W.  Campbell. 
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A     REVISION    OF    ROWLAND'S    SYSTEM    OF    WAVE- 
LENGTHS. 

By   J.    H  ARTMANN. 

I .  Rowland's  system  of  wave-lengths  has  become  the  basis  of 
all  spectroscopic  measurements  made  in  recent  years,  and  with 
the  progressive  increase  in  the  precision  of  these  measures  the 
necessity  has  now  arisen  of  testing  the  reliability  of  that  impor- 
tant basis,  and,  in  case  it  should  not  appear  as  adequate,  of  cor- 
recting it  by  new  series  of  observations  in  order  thus  to  create  a 
foundation  sufficient  for  all  demands. 

Aside  from  the  earlier  and  provisional  publications  of  Row- 
land, his  system  of  wave-lengths  as  at  present  accepted  appears 
in  three  different  forms : 

a)  The  standard  wave-lengths  in  the  solar  spectrum,  and 

b)  The  standard  wave-lengths  in  the  arc  spectra  of  different 
metals  which  was  first  published  in  Astronomy  and  Astro-Physics 
(12,  321,  1893)  under  the  title  "A  New  Table  of  Standard  Wave- 
Lengths. "  For  brevity  I  shall  denote  the  wave-lengths  of  these 
two  series  by  o  St.  and  M.St.  Rowland  gave  in  1896  in  the 
Memoirs  of  the  American  Academy  of  Arts  and  Sciences  (12,  No.  2, 
101)  a  more  extended  account  of  the  origin  of  these  standards. 
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c)  The  measurement  of  the  whole  solar  spectrum  which 
appeared  in  the  Astrophysical  Journal,  Volumes  i  to  5,  in  the 
years  1895-97,  under  the  title  "  Preliminary  Table  of  Solar 
Spectrum  Wave-Lengths."  The  wave-lengths  in  this  table  I 
shall  designate  by  P.  T. 

The  question  which  first  arises,  as  to  how  far  these  three  series 
of  wave-lengths  are  to  be  regarded  as  coincident,  so  that  we  can 
speak  of  a  single  Rowland  system,  may  be  answered  in  two 
different  ways — first,  on  the  basis  of  the  history  of  the  develop- 
ment of  these  series,  and  secondly,  by  a  numerical  comparison 
of  them. 

2.  The  history  of  the  development  of  Rowland's  wave-lengths 
is  briefly  as  follows.  By  taking  the  mean  of  the  absolute  meas- 
ures of  Angstrom,  Muller  and  Kempf,  Kurlbaum,  Peirce,  and 
Bell,  Rowland  derived  for  the  Fraunhofer  line  D,  the  wave- 
length 

X=  5896.156. 

To  this  line  he  connected  thirteen  further  " primary  standards" 
(P.  St.)  in  the  visible  spectrum  by  visual  measures  of  coinci- 
dences with  the  use  of  several  concave  gratings  of  21^  feet 
focus.  These  P.  St.  are  single  lines  in  only  certain  instances; 
being  for  the  most  part  mean  values  from  the  wave-lengths  of 
groups  of  two,  three,  and  four  lines,  which  are  separated  by  dis- 
tances as  great  as  76  tenth-meters.  As  the  result  of  numerous 
measurements  he  obtained  twenty-six  equations  of  condition  of 
the  form 

nA  —  mB  =  A 

where  ;/  and  ;//  represent  the  order  of  the  coinciding  spectra  con- 
cerned, B  the  wave-lengths  of  the  observed  lines,  and  D  the 
separation  of  the  lines  measured  with  the  eyepiece  micrometer. 
The  measured  distances  of  the  lines  observed  as  coincident  are  in 
part  very  large  :  only  in  eight  cases  are  they  smaller  than  ten  revo- 
lutions of  a  screw  for  which  one  revolution  =  one  tenth-meter  in 
the  first  order  of  the  grating  concerned  ;  in  eleven  cases  it  is  more 
than  twenty  revolutions,  and  in  two  cases  it  even  exceeds  one 
hundred  revolutions.  Although  the  micrometer  screw  employed 
bv  Rowland,  which  he  himself  made  in  the  most  careful  manner 
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and  investigated,  is  undoubtedly  of  the  highest  excellence,  there 
is  nevertheless  a  certain  danger  in  the  measurement  of  such 
long  distances,  particularly  as  these  distances  frequently  could 
be  measured  only  on  one  side,  so  that  it  was  not  possible  to 
interpolate  the  lines  of  the  one  order  between  those  of  the  other 
order.  How  Rowland  obtained  the  screw-value  with  sufficient 
accuracy  for  such  long  distances  is  not  to  be  readily  ascertained 
from  his  publications,  which,  indeed,  contain  so  few  data  as  to 
the  measurements  themselves  that  a  test  of  them  is  impossible. 

3.  Rowland  did  not  solve  the  twenty-six  equations  of  condition 
for  the  wave-lengths  of  the  fourteen  P.  St.  by  the  method  of 
least  squares,  although  this  would  have  been  quite  simple,  as  each 
equation  contains  only  two  unknowns  with  integral  coefficients 
ranging  from  two  to  seven.  He  employed  per  contra  the  process 
of  successive  approximations,  which  had  the  advantage  of  greater 
clearness,  and  without  doubt  also  led  to  a  system  of  values  which 
satisfied  very  well  the  equations  of  condition. 

From  this  process  of  adjustment  Rowland  deduced  for  the 
line  D,  the  wave-length  5896.160,  and,  in  order  to  bring  this 
value  into  better  agreement  with  the  above-mentioned  mean 
from  the  absolute  measurement,  he  reduced1  all  the  wave-lengths 

found  in  the  solution  by .     In  this  way  he  now  obtained 

J   200,000  J 

for  Dlf  X  =  5896.157. 

The  P.  St.  determined  in  this  way  lie  between  the  limits 
X  4215.6  and  X  7040.1.  Subsequently  the  Fraunhofcr  line  A  was 
also  once  connected  in  the  spectrum  of  the  first  order  with  the 
nearest  normal  in  the  second  order,  for  which  purpose  it  was 
necessary  to  measure  with  the  screw  over  a  distance  of  84  tenth- 
meters  ;  a  further  connection  was  also  obtained  by  the  coinci- 
dence of  the  second  and  third  order. 

4.  The  798  0  St.  and  the  404  M.  St.  were  now  connected 
with  these  15  P.  St.  as  follows:     The  visual  portion  of  the  solar 

'The  corrections  actually  applied  by  Rowland  (loc.  cit.y  p.  1 39;  do  not  agree  with 
this  statement  in  the  case  of  several  of  the  standards.  It  cannot  be  ascertained 
whether  this  is  due  to  typographical  errors,  of  which  the  publication  unfortunately 
contains  a  very  large  number,  or  are  errors  of  computation,  or  whether  certain  of  the 
standards  were  intentionally  further  altered  for  some  reason  which  was  not  given. 
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spectrum  between  X  4048  and  X  7714  was  repeatedly  measured 
with  a  micrometer  screw  5  inches  long,  with  the  use  of  various 
gratings.  The  portions  separately  measured  with  the  screw  were 
then  united  by  means  of  the  overlapping  portions  into  thirteen 
long  strips,  which  rendered  possible  not  only  an  interpolation  of 
the  standards,  but  also  an  adjustment  of  the  P.  St. 

Eighteen  photographs  were  made  with  the  solar  spectrum  of 
one  order  situated  between  two  strips  of  the  solar  spectrum  of 
another  order  for  the  continuation  of  the  work  into  the  ultra- 
violet region.  A  large  number  of  plates  was  also  made  which 
contained  a  solar  spectrum  and  beside  it  metallic  spectra  of 
different  orders.  The  measurement  of  all  these  plates,  which 
was  carried  on  by  Mr.  Jewell,  now  produced  numerous  combina- 
tions between  the  different  parts  of  the  spectrum,  and  thus  there 
always  occurred,  along  with  the  interpolation  of  the  standards, 
also  an  adjustment  of  the  P.  St.  Thus  for  each  wave-length  of 
the  standards  there  were  developed  a  number  of  individual 
determinations  from  which  finally  the  mean  was  taken;  these 
are  the  numbers  published  as  o  St.  and  M.  St. 

5.  It  follows  from  this  origin  that  the  whole  system  of  0  St. 
is  entirely  coincident  with  that  of  the  P.  St.,  but  that  the  wave- 
lengths of  the  single  lines  in  the  two  systems  may  differ  by  small 
quantities  from  each  other.  Thus  the  line  Dx  appears  under  the 
o  St.  with  the  wave-length 

X  =  5896.i54. 
The  o  St.  are  to  be  regarded  in  every  case  as  the  better  adjusted 
system  in  comparison  with  the  P.  St. 

6.  The  conditions  are  less  simple  with  the  M.  St.  Rowland 
remarks1  as  follows: 

In  every  plate  having  a  solar  and  metallic  spectrum  upon  it,  there  is 
often  —  indeed,  always  — a  slight  displacement.  This  is  due  either  to  some 
slight  displacement  of  the  apparatus  in  changing  from  one  spectrum  to  the 
other,  or  to  the  fact  that  the  solar  and  the  electric  light  pass  through  the  slit 
and  fall  on  the  grating  differently.  In  all  cases  an  attempt  was  made  to 
eliminate  it  by  exposing  on  the  solar  spectrum  both  before  and  after  the  arc, 
but  there  still  remained  a  displacement  of  0.0 1  to  0.02  division  of  AngstrSm, 
which  was  determined  and  corrected  for  by  measuring  the  difference  between 

1  Memoirs  of  the  American  Academy ',  12,  1 1 6. 
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the  metallic  and  coinciding  solar  lines,  relating  a  great  number  of  them,  if 
possible. 

It  follows  from  this  remark  that  the  wave-lengths  of  the  M. 
St.  which  were  directly  measured  and  hence  accurately  referred 
to  the  system  of  the  o  St.,  in  case  the  apparatus  was  in  order, 
were  subsequently  so  altered  by  empirical  corrections,  now  larger 
and  again  smaller,  that  as  accurate  a  coincidence  as  possible  was 
attained  between  the  lines  of  the  arc  and  the  solar  spectrum. 

Jewell  was  the  first  to  call  attention  to  the  erroneousness  of 
this  process,  in  his  very  valuable  paper  on  "The  Coincidence  of 
Solar  and  Metallic  Lines."1  It  cannot  now  be  ascertained  by 
what  amounts  the  individual  M.  St.  were  falsified  by  the  applica- 
tion of  these  corrections.  More  definite  information  could  not 
be  given  to  me  by  Mr.  Jewell  in  response  to  a  letter  which  I 
addressed  to  him  several  years  ago.  We  must  therefore  first 
remember  that  all  the  M.  St.  are  erroneous  by  small  amounts, 
which  cannot  be  recomputed,  lying  in  the  vicinity  of  o.oi  to  0.02 
tenth-meteis,  and  in  general  too  large  relatively  to  the  system 
of  the  ©  St.  In  certain  parts  of  the  spectrum  the  ©  St.  may  be 
affected  to  a  small  amount  by  the  application  of  these  empirical 
corrections,  since  Rowland  repeatedly  also  employed  the  M.  St. 
in  order  to  derive  the  ©  St.  in  a  spectrum  of  another  order  by 
the  method  of  coincidences. 

7.  While  the  progression  of  the  errors  which  arose  from  the 
application  of  these  corrections  is  very  gradual,  so  that  the  error 
for  neighboring  lines  is  always  of  nearly  the  same  amount,  I 
must  now  call  attention  to  another  source  of  error  which  may 
have  produced  larger  deviations  of  i?idividual  lines.  As  already 
mentioned,  the  ©  St.  and  the  M.  St.  are  mean  values  from  a 
number  of  different  sorts  of  determinations;  and  the  number  of 
plates  employed  is  very  different  for  each  line.  The  following 
series  of  M.  St.  in  the  iron  spectrum  may  serve  as  an  example. 

Even  this  short  list  shows  that  the  M.  St.  measured  on  eight 
or  nine  plates  either  coincide  very  closely  with  the  ©  St.  or  fall 
on  the  negative  side  of  them,  while  all  the  lines  measured  only 
once    or    twice    deviate,    in    some    cases    by    very   considerable 

'ASTROPHYSICAL  JOURNAL,  3,  89,   1896. 
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TABLE  I. 


M.  St. 

No.  of                   0  St> 
Measures 

M.  St.-©  St. 

4308.072 

8 

071 

+   I 

4325-932 

8 

940 

-  8 

4352.908 

1 

903 

+  5 

4369.948 

1 

943 

+  5 

4376.108 

1 

103 

+  5 

43*3-721 

9 

721 

0 

4404.928 

9 

927 

+  1 

4415.298 

8 

299 

—  1 

4447.912 

2 

899 

+  13 

4494 -756 

1 

735 

+21 

amounts,  toward  the  positive  side.  In  particular  I  would  refer 
to  the  uncertainty  of  the  two  lines  at  X  4448  and  X  4495. 

The  direct  measures  made  by  Rowland  and  Jewell  on  each 
separate  plate  certainly  possess  a  very  high  degree  of  accuracy, 
so  that  the  relative  position  of  the  lines  was  determined  to  a 
precision  of  a  few  thousandths  of  a  tenth-meter;  but  since  each 
plate  has  a  systematic  error,  chiefly  in  consequence  of  the  appli- 
cation of  the  empirical  correction,  there  occur,  through  the 
above-mentioned  lack  of  uniformity  in  the  number  of  plates 
employed,  displacements  in  the  relative  position  of  the  indi- 
vidual lines  which  may  rise  as  high  as  several  hundredths  of  a 
tenth-meter. 

8.  The  relative  wave-lengths  of  the  0  St.  are  also  injuriously 
affected  by  the  large  variation  in  the  number  of  measurements 
employed  for  the  individual  lines.  However,  the  errors  arising 
in  the  individual  wave-lengths  of  the  solar  spectrum  are  for  the 
most  part  rendered  harmless  by  the  extensive  measurement  of 
the  whole  solar  spectrum  which  was  carried  out  in  a  uniform 
manner,  the  results  of  which  are  given  in  the  P.  T.  The  wave- 
lengths of  the  P.  T.  depend  upon  the  measurements  of  the  photo- 
graphic plates  of  the  whole  solar  spectrum  carried  out  by  Jewell. 
In  this  work  the  newly  measured  lines  were  not  merely  referred 
to  the  o  St.  by  interpolation,  but  a  solution  was  made  for  every 
plate  by  which  the  e  St.  were  also  freed  from  their  accidental 
errors,  so  that  they  constitute  a  homogeneous  system  with  the 
lines  newly  connected  to  them.    There  accordingly  exists  between 
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the  wave-lengths  of  the  P.  T.  and  the  ©  St.  a  relation  similar  to 
that  between  the  0  St.  and  the  P.  St.  (see  5).  The  whole  system 
of  the  P.  T.  is  also  here  to  be  regarded  as  entirely  coincident 
with  the  system  of  the  0  St.,  but  the  wave-lengths  of  the  indi- 
vidual lines  in  both  systems  may  differ  from  each  other  by  small 
amounts.  For  instance,  the  line  D,  appears  in  the  P.  T.  with  the 
wave-length  5896.155. 

9.  It  appears  from  this  statement  of  the  history  of  the  origin 
of  Rowland's  wave-lengths  that  the  P.  T.  constitutes  the  defini- 
tive and  most  reliable  form  of  the  Rowland  system.  If,  for 
instance,  the  question  should  arise  which  is  the  most  correct  of 
the  four  values  for  the  wave-length  of  the  line  Dx  in  the  solar 
spectrum,  viz.: 

X=5896.i56  (starting  value) 

.157  (P.St.) 

.154  (0  St.) 

.155  (P.T.) 
and  which  most  precisely  represents  the   Rowland  system,  the 
answer  would  be  the  value  5896.155. 

10.  The  conclusions  which  were  reached  as  to  coincidence  of 
the  three  systems  P.  St.,  o  St.,  and  P.  T.  on  the  basis  of  the 
history  of  their  origin  are  confirmed  by  a  direct  comparison  of 
the  numerical  values.  The  relation  of  the  o  St.  to  the  P.  St. 
may  be  seen  from  Table  II. 

The  difference  ©St.  — P.  St.  amounts  at  the  maximum  for  a 
line  to  0.007  tenth-meter;  the  sum  of  all  these  differences 
properly  should  be  exactly  zero;  for  the  thirty-four  lines  together, 
however,  it  amounts  to  +0.016,  whence  the  mean  value  of  this 
difference  is  +0.00047  tenth-meter.  Hence  the  two  systems 
P.  St.  and  o  St.  are  sufficiently  in  coincidence. 

11.  On  account  of  its  great  extent  I  will  not  print  here  the 
comparison  of  the  system  0  St.  and  P.  T.,  and  I  will  limit  myself 
to  giving  in  Table  III  for  intervals  of  100  tenth-meters  under  the 
heading  5  the  sum  of  the  differences  P.T.  —  0  St.  In  an  entirely 
rigorous  comparison  5  should  be,  at  least  for  long  stretches  of 
spectrum,  zero.  The  number  of  ©  St.  employed  is  denoted  by 
//.     Several  of  Rowland's  0  St.  had  to  be  omitted   in  this  com- 
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TABLE  II. 


P.  St. 

O  St. 

0  St.-P.  St. 

P.St. 

0St. 

0  Sl-P.  St. 

4215.665 

.667 

+2 

5397.350 

.346 

-4 

4222.381 

.381 

0 

5405.984 

.987 

+3 

4376.103 

.103 

0 

5624.254 

.253 

—  1 

5624.764 

.768 

+4 

4494.729 

.735 

+6 

5826.582 

.580 

—  2 

4497.048 

.041 

-7 

5890.184 

.182 

—  2 

4501.444 

•444 

0 

5896.157 

.154 

-3 

4508.460 

.456 

-4 

5914.386 

.384 

—  2 

4690.323 

.324 

+1 

6246.530 

.530 

0 

4691.575 

.581 

+6        ! 

6318.241 

.242 

+  1 

1 

6322.912 

.912 

0 

4903.484 

.488 

+4 

4924.110 

.109 

—  I 

6563.049 

.054 

+5 

4924.956 

•955 

—  I         1 

6569.461 

.461 

0 

5060.250 

.252 

+2          ! 

5064.834 

.833 

-I     1 

6750.409 

.412 

+3 

5068.946 

.946 

0       : 

7023.747 

.747 

0 

5269.717 

.722 

+5       1 

7027.724 

.726 

+2 

5270.497 

•  495 

—  2 

7040.056 

.058 

+2 

parison  because  the  measurement  was  made  upon  the  center  of 
gravity  of  a  double  line,  the  components  of  which  were  separately 
measured  in  the  P.  T.    M  denotes  the  mean  error  of  coincidence, 

that  is,  the  quotient  - ,  and  the  last  column  contains  the  largest 

one  of  the  differences  P.  T.  — o  St.  which  occur  in  the  particular 
portion  of  the  spectrum. 

Table  IV  contains  a  similar  comparison  for  stretches  of  1,000 
tenth-meters. 

It  may  be  seen  from  the  numbers  of  Tables  III  and  IV  that 
the  P.  T.  are  well  related  to  the  system  of  the  ©  St.,  if  we  except 
the  short  region  from  X7000  to  \  7400,  the  measurement  of  which 
gave  special  difficulty.  The  difference  P.  T.— ©  St.  amounts  in 
the  mean  to  +0.00040  tenth-meter  for  the  whole  spectrum  from 
X  3000  to  X7000.  The  errors  of  individual  lines  of  the  ©St. 
exceed  0.03  tenth-meter  only  in  isolated  cases;  as  a  rule  they 
amount  to  from  0.01  to  0.02  tenth-meter. 
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TABLE  III. 


A 

5 

n 

M 

Maximum 

3OOO-3IOO 

—  O.OI4 

21 

—  0 

0007 

+0.0I8 

3IOO-3200 

-    13 

12 

— 

II 

-    13 

3200-3300 

+   59 
+   15 

10 

+ 

59 

+    21 

3300-3400 

8 

+ 

19 

—    12 

3400-3500 

-   15 

16 

— 

9 

+    20 

3500-3600 

+   50 

17 

+ 

29 

+    18 

3600-3700 

—   20 

29 

— 

7 

+    30 

3700-3800 

-   28 

32 

— 

9 

±    16 

380O-39OO 

+   77 

23 

+ 

33 

+    20 

3900-4000 

+   44 

25 

+ 

18 

+    -16 

4OOO-4IOO 

-   18 

17 

— 

11 

—    II 

4100-4200 

+    1 

9 

+ 

1 

6 

42OO-43OO 

+   28 

14 

+ 

20 

12 

43OO-44OO 

+   33 

11 

+ 

30 

10 

44OO-450O 

-   18 

13 

— 

14 

-    18 

45OO-46OO 

—   10 

9 

— 

11 

-    3 

46OO-47OO 

-    4 

12 

— 

3 

-    7 

47OO-480O 

-   15 

5 

— 

30 

—   12 

480O-49OO 

+   29 

6 

+ 

48 

+   3i 

4900-5000 

-   28 

13 

— 

22 

—   10 

5000-5100 

-   13 

11 

— 

12 

—    8 

5100-5200 

-   32 

3i 

— 

10 

-   15 

5200-5300 

+   41 

28 

+ 

15 

+   28 

5300-5400 

+   18 

17 

+ 

11 

+   30 

5400-5500 

-   33 

15 

— 

22 

-   27 

5500-5600 

-   43 

16 

— 

27 

-   31 

56OO-57OO 

-    3 

16 

— 

2 

-   14 

5700-5800 

+    » 

18 

+ 

4 

±        15 

5800-5900 

-    7 

13 

— 

5 

—   12 

5900-6000 

+    I 

13 

+ 

1 

+    5 

6000-6100 

-   19 

13 

_ 

15 

—   10 

6100-6200 

-   26 

17 

— 

15 

-   16 

62OO-63OO 

+   70 

17 

+ 

41 

+   26 

63OO-64OO 

-   29 

13 

— 

22 

-   24 

64OO-65OO 

+   90 

15 

+ 

60 

+   29 

65OO-6600 

+   72 

12 

+ 

60 

+   49 

66OO-67OO 

-   39 

6 

— 

65 

"   38 

67OO-680O 

-   37 

10 

— 

37 

-   37 

68OO-69CO 

+   46 

35 

+ 

13 

-   32 

69OO-7OOO 

+   36 

25 

+ 

M 

+  -24 

7000-7100 

+  i*57 

13 

+ 

121 

+   51 

7100-7200 

—   21 

7 

— 

30 

—   21 

7200-7300 

+   61 

12 

+ 

5i 

+   4i 

7300-7400 

-   14 

3 

47 

-   26 

1 76 
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TABLE  IV. 

A 

S 

n 

M 

Maximum 

3OOO-4OOO 
4OOO-5OOO 
5000-0000 
6000-7000 
7OOO-74OO 

+0.155 

—  2 

-  63 
+       I64 
+       183 

193 
109 
178 
163 

35 

+  0.0008 
0 

-             4 
+           10 

+           52 

+0.030 
+        31 
-         31 
+        49 
+       51 

3OOO-7OOO 

* 

+0.254 

643               +0.00040 

+0.049 

12.   In  Table  V,  I  give  a  comparison  of  the  systems  o  St.  and 

M.  St.     A  few  lines  had  to  be  excluded  here  also,  for  which  it 

appeared,  from  the  remarks  made  by  Rowland,  that  not  precisely 

the  same  lines  were  measured  in  the  solar  spectrum  and  the  arc 

spectrum. 

TABLE  V. 


A 

s 

« 

M 

Maximum 

3000  —  3500 
35OO  —  4OOO 
4OOO  —  45OO 
4500  —  5000 
5000  —  5500 
55OO  —  OOOO 

+0. 109 

+  284 
+     90 

-  64 

-  62 

-  64 

29 
80 
47 
15 
21 
8 

+0 .  0038 
+         35 
+         19 

-  43 

-  30 

-  80 

+0.027 
+         36 
+         21 

-  25 
+         *>2 

-  80 

3000  —  6000 

+0.293 

200 

+0.0015 

—  O.080 

An  almost  perfect  coincidence  has  also  been  effected  between 
the  systems  M.  St.  and  o  St.,  as  is  seen  from  the  mean  value 
holding  good  for  the  whole  spectrum,  iW=+0.00i5  in  Table  V. 
It  has  already  been  mentioned  above  under  6  that  this  does  not 
actually  occur,  and  it  is  particularly  striking  that  the  difference 
M.  St.— o  St.  is  prevailingly  positive  in  the  stretch  from  X3000 
to  X4500;  while  the  lines  of  the  solar  spectrum,  in  consequence 
of  the  greater  pressure  under  which  the  absorbing  strata  of  vapor 
exist  in  the  solar  atmosphere,  should  in  general  be  somewhat  dis- 
placed toward  the  red  as  compared  with  the  arc  lines  at  atmos- 
pheric pressure.  Hence  the  difference  M.  St.— 0  St.  should  be 
prevailingly  negative  ;  as  may  be  seen  from  Table  V,  this  is  true, 
however,  only  between  X4500  and  \6000. 
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The  conclusions  drawn  above  are  accordingly  confirmed  by  the 
direct  comparison  of  Rowland's  tables  of  wave-length  :  the  P.  T. 
constitutes  the  most  reliable  form  of  Rowland's  wave-lengths ; 
the  0  St.  and  the  P.  St.  coincide  on  the  whole  with  the  P.  T., 
but  nevertheless  individual  lines  have  large  accidental  errors  ; 
the  M.  St.  similarly  contain  large  accidental  errors,  and  are, 
moreover,  systematically  displaced  by  measurable  amounts  as 
compared  with  the  system  of  the  P.  T. 

13.  At  this  point  I  will  also  refer  to  another  system  of  wave- 
lengths which  bears  the  same  relation  to  the  M.  St.  that  the  P. 
T.  bears  to  the  o  St.  This  is  the  "Normale  aus  dem  Bogen- 
spectrum  des  Eisens,"  which  Kayser  published  in  the  year  1900.1 
Kayser's  standards,  which  I  shall  briefly  designate  with  K.,are  — 
aside  from  a  region  near  \3400 — precisely  connected  to  the 
system  of  the  M.  St.,  and  therefore  contain  the  constant  system- 
atic errors  of  the  M.  St.,  but  the  careful  measurement  of  numer- 
ous plates  has  so  far  reduced  the  accidental  errors  of  the  separate 
lines  in  K.  that  the  mean  error  of  a  line  amounts  at  the  most  to 
0.003  tenth-meter. 

14.  We  shall  certainly  not  be  far  from  the  truth  if  we  assume 
that  the  accidental  error  of  the  single  lines  in  the  P.  T.  is  about 
■±  0.003."  It  is  true  that  a  direct  test  of  the  P.  T.  has  never 
been  made,  but  everyone  who  has  occasion  to  employ  Rowland's 
wave-lengths  will  have  become  convinced  of  their  great  reli- 
ability, in  so  far  as  the  relative  position  of  lines  within  small 
regions  of  spectrum  are  concerned.  The  conditions  are,  how- 
ever, changed  in  respect  to  the  accuracy  of  the  relative  wave- 
lengths as  soon  as  widely  separated  portions  of  the  spectrum  are 
compared  with  each  other.  Attention  has  already  been  called 
by  various  individuals  to  the  fact  that  there  are  irregularities 
which  slowly  increase  in  Rowland's  values,  as  a  result  of  which 
for  considerable  portions  of  the  spectrum  all  the  wave-lengths 
are  from  o.Ol  to  0.02  tenth-meter  too  large,  and  in  other  regions 
are  too  small.      Muller3  was  the  first  to  point  out  the  possibility 

xAnn.  der  P/tys.,  (4)  3,  195;  Astrophyskwl  Journal,  13,  329,  1901. 
a  A  proof  of  the  correctness  of  this  estimate  follows,  under  16. 
3  "  Beobachtungen  auf  dem  Gipfel  des  Santis  ;  "  Publ.  des  Astroph.  Qbsei  vatoriums 
zu  Potsdam,  8,  49,  1893. 
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of  such  errors  on  the  occasion  of  his  making  a  comparison  of 
the  Potsdam  system  of  wave-lengths  with  the  ©  St.  He  found 
that  the  difference  "  Potsdam — 0  St."  had  a  prevailingly  positive 
sign  from  X4900  to  X  5400,  while  it  was  negative  from  X  5400  to 
X6100,  and  then  positive  again  up  to  X  6350.  Kayser x  expressed 
himself  more  definitely  when  he  found  that  the  values  of  several 
M.  St.  at  X  3400  are  too  large  by  from  0.02  to  0.03  tenth-meter. 
An  entirely  certain  explanation  as  to  the  magnitude  and  the 
course  of  these  errors  in  a  part  of  the  visual  spectrum  was,  how- 
ever, first  given  in  the  research  by  Fabry  and  Perot,*  who  deter- 
mined with  their  interference  apparatus  the  absolute  wave-lengths 
of  33  lines  of  the  solar  spectrum  and  of  14  lines  of  the  iron 
spectrum.  In  order  to  compare  their  results  with  Rowland's 
wave-lengths  they  computed  for  the  33  lines  the  quotient 

F.  and  P.O  ' 

which  must  be  constant  if  Rowland's  figures  are  free  from  sys- 
tematic errors.  The  values  of  F  show,  however,  a  clearly 
expressed  progression  which  precisely  coincides  in  respect  to 
sense  with  the  results  of  Miiller.  Eberhard3  then  made  a  more 
precise  comparison  of  the  Potsdam  and  Rowland  systems, 
utilizing  104  lines  of  the  P.  T.,  and  was  able  to  furnish  another 
complete  confirmation  of  Fabry  and  Perot. 

15.  There  can  accordingly  no  longer  be  any  doubt  that  the 
wave-lengths  of  the  P.  T.  are  up  to  0.02  unit  too  small  from 
X4900  to  X5370;  that  they  are  up  to  0.02  unit  too  large 
between  X5370  and  X6050,  and  then  again  too  small  up  to 
X6500.  We  may  assume  that  similar  errors  will  be  revealed  in 
the  remaining  portions  of  the  spectrum  which  have  not  yet  been 
checked,  and  the  question  therefore  arises  in  what  manner  a 
correction  can  best  be  applied  to  the  Rowland  system.  At  the 
same  time  it  would  be  necessary  to  determine  the  systematic 

1  Loc.  cit.%  p.  198. 

a"  Mesures  de  longeurs  d'onde  en  valeur  absolue,"  Ann,  de  Chim.  et  de  Pkys.,  (7) 

25,  98;    AsTROl'HYSICAL  JOURNAL,  15,  27O,  1902. 

'Systematic  errors  in  the  Wave-Lengths  of  the  Lines  of  Rowland's  Solar  Spec- 
trum," Astrophysical  Journal,  17,  141,  1903. 
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difference  between  the  systems  of  the  P.  T.  and  the  M.  St., 
which  have  been  extensively  discussed  above. 

Fabry  and  Perot  write,  after  determining  the  values  of  the 
reduction  factor  F:  "All  recent  spectroscopic  measurements 
which  have  been  based  upon  Rowland's  figures  contain  the  same 
errors.  In  order  to  correct  them,  and  at  the  same  time  to 
reduce  them  to  the  value  of  the  wave-length  of  the  cadmium 
line  found  by  Michelson  and  Benoit,  one  has  only  to  divide  the 
values  by  F."  I  would,  however,  by  no  means  recommend  this 
procedure,  for,  in  the  first  place,  the  systematic  error  above  men- 
tioned between  the  o  St.  and  the  M.  St.  is  not  contained  in  the 
F,  and  since  most  observers  have  used  the  iron  spectrum  for 
comparison  and  not  the  solar  spectrum,  the  true  value  of  the 
wave-length  would  not  be  obtained  by  division  by  F.  Secondly, 
it  certainly  could  riot  be  recommended  to  alter  so  greatly  all 
previously  determined  wave-lengths  as  would  be  necessary  to 
pass  from  the  Rowland  system  to  that  of  Michelson.  The 
reduction  factor  /''has  at  this  place  the  value  1.000034,  whence 
it  follows  that  all  the  wave-lengths  in  the  visual  spectrum  would 
have  to  be  diminished  by  about  0.2  tenth-meter  if  they  were  to 
be  transferred  to  the  Michelson  system.  This  would  produce 
great  confusion. 

16.  I  would,  on  the  contrary,  recommend  that  each  correction 

of    Rowland's   wave-lengths   should   be  undertaken    in    such    a 

manner  that  his  numerical  values  are  thereby  altered  only  by 

the  smallest  possible  amount.     This  may  be  accomplished  in  the 

following  manner.     As  has  already  been  said,  Fabry  and   Perot 

P.  T. 
give  the  quotient  ^ Xrp=z^r  *or   eacn   °*  *^e   33   solar   lines 

they  measured.  The  values  of  F  lie  between  the  limits  1 .0000286 
and  1. 000038 1.  If  we  take  the  arithmetical  mean  of  these 
thirty-three  values, 

F0=  1.0000340  , 

and  multiply  all  the  wave-lengths  found  by  Fabry  and  Perot  by 
this  factor,  we  shall  evidently  obtain  a  system  of  wave-lengths 
which  fits  that  of  Rowland  as  closely  as  possible,  but  is  free  from 
its    systematic  errors.     If  we    designate    these  errorless  wave- 
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lengths  on  the  Rowland  system  by  X,  then  \=  (F.  and  P.)  •  F0. 
I  have  computed  the  values  of  X  in  Table  VI,  in  which  the  first 
column  contains  the  wave-lengths  directly  measured  by  Fabry  and 
Perot,  the  second  the  value  of  X,  and  the  third  the  corresponding 
number  in  the  P.  T.  The  difference  X  —  P.  T.  =  C  given  in  the 
fourth  column  therefore  represents  the  correction  which  must 
be  applied  to  Rowland's  values  in  order  to  free  them  of  their 
systematic  errors.  The  sum  of  all  the  positive  values  of  C  is 
+  0.178  tenth-meters,  of  all  the  negative  values  —0.183;  a  proof 
that  the  X  system  coincides  precisely  with  the  P.  T. 

TABLE  VI. 


F.  and  P. 

A 

P.T. 

c 

c 

c-c 

4643   483 

4643.641 

.645 

-  4 

-  7 

+  3 

4704. 960 

4705. 120 

•131 

—  II 

-  6 

-   5 

4736.800 

4736.961 

963 

—    2 

-  5 

+  3 

4783.449 

4783.612 

.613 

—    I 

-  4 

+  3 

4859.758 

4859.923 

.928 

-  5 

—   1 

-   4 

4923.943 

4924. 1  10 

.107 

+  3 

+  1 

+    2 

5001 .881 

5002.051 

.044 

+  7 

+  5 

+    2 

5090.787 

5090.960 

•954 

+  6 

+  11 

-  5 

5123.739 

5123.913 

.899 

+14 
+20 

+14 

0 

5171.622 

5171.798 

.778 

+  17 

+  3 

5247.063 

5247.241 

.229 

+  12 

+21 

-  9 

5247.587 

5247.765 

•737 

+28 

+21 

+  7 

5339956 

5340.138 

.121 

+17 

+13 

+  4 

5345  820 

5346.002 

•991 

+11 

+11 

0 

5307.485 

5367.667 

.669 

—  2 

0 

—   2 

5409.800 

5409.984 

.000 

-16 

—  11 

-    5 

5434-544 

5434.729 

•740 

—  11 

-13 

+   2 

5497.536 

5497.723 

•735 

—  12 

~I7 

+  5 

5506.794 

5506.981 

.000 

-19 

-18 

—   1 

5586.778 

5586.968 

•991 

-23 

—  20 

-  3 

5715-095 

5715.289 

.308 

-19 

-19 

0 

5703.004 

5763.200 

.218 

-18 

-18 

0 

5862.3O8 

5862.567 

.582 

-15 

-15 

0 

5034.666 

5934.868 

.881 

-13 

—  11 

—   2 

5987. oS 1 

5987.284 

.290 

-  6 

-  7 

+  1 

00 1 6. 6 50 

6016.855 

.861 

-  6 

-  4 

—  2 

6005 . 506 

6065.712 

.709 

+  3 

+  2 

+  1 

6151. 639 

6151.848 

.834 

+  14 

+  13 

4-  1 

0230.746 

6230.958 

•  943 

+  15 

+  15 

0 

6322.700 

0322.915 

.907 

+  8 

+  11 

-  3 

0^35.340 

6335.561 

•554 

+  7 

+  10 

—  3 

()  JOS.027 

6408.245 

•233 

+  12 

+  5 

+  7 

0471 .600 

6471 . 886 

.885 

+  1 

+  1 

0 

The  accidental  errors  of  measurement  of  the  individual  lines 
arc  still  contained   in  the  values  of  C' ;  in  order  to  free  them  of 
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these  I  have  graphically  represented  their  progression  by  the 
curve  reproduced  in  Fig.  I.  From  the  curve  we  now  obtain  the 
true  values  C  of  the  corrections,  which  are  collected  in  Table 
VII.  The  values  C  —  C  given  in  the  last  column  of  Table  VI  cor- 
respond to  the  accidental  errors  of  observation  in  the  difference 
F.  and  P.— P.  T.  If  we  regard  as  equally  accurate  the  absolute 
measurements  of  Fabry  and  Perot  and  the  relative  wave-lengths 
of  the  P.  T.,  we  obtain  for  the  mean  accidental  error  of  a  wave- 
length   in    the    two    series    of    measurements,    ±  0.0025  tenth- 
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meter.  The  sum  of  all  the  values  of  C  —  C  in  Table  VI  is 
zero,  whence  it  follows  that  the  curve  was  drawn  in  Fig.  1  with 
entire  accuracy. 

17.  It  is  seen  that  the  corrections  given  in  Table  VII  refer 
only  to  the  stretch  of  the  solar  spectrum  from  X  4600  to  X6490 
observed  by  Fabry  and  Perot,  and  hence  there  arises  the  neces- 
sity, on  the  one  hand,  of  determining  the  values  of  C  for  the 
remaining  parts  of  the  P.  T.,  and,  on  the  other,  of  constructing 
a  similar  table  of  corrections  for  the  M.  St. 

First,  in  respect  to  the  determination  of  C  for  other  portions 
of  the  solar  spectrum,  I  made  the  attempt  of  utilizing  for  this 
purpose  the  plates  used  by  Rowland  himself  by  a  new  reduction. 
In  all  cases  where  a  portion  of  the  solar  spectrum,  falling  within 
a  range  of  Table  VII,  was  photographed  in  coincidence  with  any 
other  portion  of  the  solar  spectrum,  the  values  of  C  for  this 
particular  new  portion  of  the  spectrum  can  be  obtained  by 
applying    the    correction     from    Table    VII.     It     unfortunately 
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TABLE  VII. 
Corrections  Cof  the  P.  T.  from  X4600  to  X6490. 

(Unit  is  o.oox  tenth-meter.) 


46 

47 
48 

49 

50 
51 
52 

53 
54 

55 
56 

57 
5* 
59 

60 
61 
62 
63 
64 


0 

1 

-  8 

-  8 

-  6 

-  6 

-  4 
0 

-  3 
+  1 

+  5 
+  12 
+  19 

-|-20 

+  6 
+  13 
+20 

+  19 

-  9 

—  11 

-18 

-18 

—  20 

—  20 

-19 

-19 

-17 

-17 

—  13 

-13 

-  6 

-  5 

+  7 
+  15 
+  12 
+  ^ 

+  8 
+  15 
+  11 
+  5 

-  7 

-  5 

-  2 


+ 1  + « 


+  b 
+13 

+20 
+18 

—  12 

-19 

—  20 
-19 
-17 

—  12 

—  4 
+  9 

+  15 
-f  11 
+  4 


+  7 
+  14 
+21 
+  16 
-13 

-19 

—  20 
-19 
-16 

—  12 

—  2 

+  10 
4-15 
+10 

+  4 


—  7 

—  5 

—  2 

+  2 

+  8 
+  15 

+  2« 

+  13 
-14 

-19 

—  20 
-19 
-16 

—  11 

—  1 

+11 

+15 
+10 

+  3 


5 

6 

-  7 

-  7 

-  5 

-  5 

—  2 

—  1 

+  2 

+  3 

+  8 

+  9 

+16 

+  16 

+21 

+21 

4-  9 

+  4 

-15 

-15 

—  20 

—  20 

—  20 

—  20 

-19 

-I8 

-16 

-15 

—  10 

-  9 

0 

+  1 

+12 

+  13 

+  14 

+  14 

+  9 

+  9 

+  3 

+  2 

-  7 

-  4 

-  I 


-7.-6 

-  4   '    -   4 

—  1  o 


+  3J-4I  +  4 


+10 
+  17 
+21 

—  1 
-16 

—  20 

—  20 
-18 
-15 

—  9 

+  3 
+  14 
+  14 
+  8 
+  1 


I 


+  10 
+  18 
+21 

-  5 
-16 

—  20 

—  20 
-18 

-14 

-  8 

+  4 
+  14 
+  13 

4-  7 
+  1 


-hi  1 
+18 
+20 

-  7 
-17 

—  20 

—  20 

-18 
-14 

-  7 

+  5 
+15 
+13 
+  7 
o 


appeared  that  the  material  available  for  this  purpose  was 
altogether  insufficient,  since,  for  the  reasons  above  mentioned, 
all  measurements  had  to  be  excluded  in  which  the  wave-lengths 
of  the  solar  spectrum  were  derived  from  coincidences  with  a 
metallic  spectrum  of  another  order.  I  was  able  to  derive  the 
values  of  the  correction  C  collected  in  Table  VIII,  which  are  of 
very  slight  accuracy,  from  the  few  coincidences  between  two 
parts  of  the  solar  spectrum  which  I  could  utilize. 

TABLE  VIII. 


35oo 
3600 
3700 
3800 
3^00 
4000 
4100 


-  —0.004  tenth-meter 

—  2 

-  +  2 

+  7 

-  +  4 

—  2 

-  -  7 


The   corrections,  therefore,  appear  to   be   under  0.0 1  tenth- 
meter  for  this   reason.     We  may  regard  as  comparatively  safely 
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determined  only  the  stretch  from  X  3890  to  \  3990,  as  here  as 
many  as  seven  plates  in  two  different  orders  were  used  for  each 
line.  In  the  region  of  X4300  C  appears  to  attain  more  apprecia- 
ble values,  but  for  this  place,  as  well  as  for  the  other  parts  of 
the  spectrum,  there  are  so  few  measurements  available  that  it  is 
impossible  to  derive  even  a  tolerably  certain  value  of  C  from 
Rowland's  observations. 

18.  The  necessity  is  thus  shown  of  securing  new  observations 
in  order  to  obtain  the  corrections  to  Rowland's  wave-lengths, 
and  since  the  apparatus  necessary  for  the  execution  of  such 
fundamental  measurements  is  not  available  to  me  at  present,  I 
should  be  glad  to  suggest  to  others  the  prosecution  of  these 
investigations.  On  account  of  the  great  importance  for  all 
spectroscopic  researches  of  the  production  of  as  accurate  and 
errorless  fundamental  system  as  possible,  it  is  desirable  that 
these  researches  should  not  be  carried  out  at  one  place  only,  but 
should  be  independently  undertaken  by  as  many  observers  as 
possible. 

There  are  three  different  problems  to  solve  which  mutually 
complete  and  check  each  other:  first,  the  corrections  C  for  all 
portions  of  the  P.  T.,  hence  for  the  entire  solar  spectrum,  should 
be  determined ;  second,  the  amount  of  the  displacement  of  the 
iron  lines  in  the  solar  spectrum  should  be  accurately  determined 
by  photographs  giving  the  solar  spectrum  with  an  adjacent  arc 
spectrum  of  iron;  and  third,  a  table  of  standard  lines  in  the  arc 
spectrum  of  iron  covering  the  whole  spectrum,  and  rigorously 
reduced  to  the  corrected  Rowland  system,  should  be  con- 
structed. 

19.  If  absolute  measurements  are  made  for  the  purpose  of 
obtaining  the  corrections  C%  either  by  the  interference  method 
of  Fabry  and  Perot  or  in  any  other  way,  there  will  always  be 
obtained  in  addition  to  C  a  new  determination  of  the  reduction 
factor  FQ.  However,  for  the  determination  of  C  it  is  only 
necessary  to  make  relative  measurements  in  the  solar  spec- 
trum, as  by  observations  of  coincidences  with  a  large  concave 
grating. 

20.  For  the  determination  of  the  displacement  of  the  lines  of 
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the  solar  spectrum  in  respect  to  the  arc  lines,  Jewell1  has  already 
contributed  a  very  valuable  series  of  measures,  which  embraces 
the  iron  spectrum  from  X  3424  to  X4495,  and  also  includes  the 
lines  of  numerous  other  elements.  Such  measurement  should 
be  repeated  and  extended  to  all  regions  of  the  spectrum.  The 
determination  of  these  differences,  which  I  shall  designate  by 
D,  the  sense  being  solar  spectrum  minus  arc  spectrum,  is  at 
the  present  moment  a  pressing  necessity  in  astrophysics.  An 
exhaustive  study  of  these  displacements  would  not  only  render 
possible  important  conclusions  as  to  the  distribution  of  the 
pressure  and  the  occurrence  of  the  metallic  vapors  at  different 
altitudes  in  the  solar  atmosphere,  but  would  be  of  fundamental 
importance  in  the  determination  of  the  radial  velocities  of  the 
stars.  It  will  doubtless  for  a  long  time  be  the  case  that  for  all 
stars  of  the  second  type,  which  on  account  of  the  sharpness  of 
their  lines  are  particularly  adapted  for  accurate  determinations 
of  velocity,  the  most  reliable  wave-lengths  will  be  taken  from 
the  solar  spectrum,  since  we  may  assume  that  conditions  similar 
to  those  in  the  Sun  prevail  in  the  atmospheres  of  those  stars.  If 
in  the  computation  of  the  velocity  of  such  a  star  one  should 
employ  for  the  comparison  spectrum  the  wave-lengths  determined 
in  the  laboratory  and  referred  to  Rowland's  M.  St. — as,  for 
instance,  Kayser's  iron  standards — the  whole  amount  of  D, 
which  Rowland  did  away  with  by  empirical  corrections,  enters 
into  the  velocity  and  vitiates  it.  If  we  assume  that  D  has  a 
value  of  +0.015  tenth-meter  in  the  region  of  spectrum  near 
X  4400  chiefly  employed  for  stars  of  the  second  type,  then  every 
velocity  would  be  found  about  one  kilometer  greater  than  it 
should  be.  We  should,  however,  commit  precisely  the  same 
error  if  we  were  to  employ  the  same  wave-lengths  for  the  stellar 
and  comparison  spectrum,  as  is  always  the  case,  for  instance, 
when  the  method  of  coincidence  measures  is  used. 

21.  The  above-mentioned  series  of  measures  by  Jewell  is  the 
only  one  which  gives  wave-lengths  of  the  iron  spectrum  strictly 
referred  to  the  system  of  the  P.T.,  and  I  have  therefore  employed 
it  in  order  to  derive  at  least  provisional  values  of  the  corrections 

1  Loc.  a'/.,  p.  log. 
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which  must  be  applied  to  Kayser's  standard  in  order  to  make 
them  also  comparable  with  the  P.  T.  Table  IX  contains  the 
comparison  of  the  lines  common  to  the  two  observers. 

TABLE  IX. 


Jewell 

A' 
■430 

k 

Jewell 

A' 

k 

3424444 

+  14 

3815.988  ! 

987 

+   1 

344O.76I 

.762 

—  1 

3820.568 

573 

-  5 

344I-M5 

.138 

+  7 

3824.584 

59i 

-  7 

3445-308 

.301 

+  7 

3826.025 

028 

-  3 

3490.722 

.721 

+  1 

3827.969 

967 

+  2 

3497.990 

.989 

+  1 

3856.515 

515 

0 

3536.704 

.694 

+10 

3860.052 

054 

—  2 

3581.338 

.348 

—  10 

3886.415 

426 

-  9 

3617.934 

944 

—  10 

3928.059 

073 

-14 

36I8.9I2 

.qi8 

-  6 

4022.022 

029 

-  7 

3622.155 

.158 

-  3 

4O45.964 

978 

-M 

3647.983 

997 

-14 

4062.597 

605 

-  8 

3687.597 

.609 

—  12 

4063.751 

755 

-  4 

3705.704 

.714 

—  10 

4071 .S98 

901 

-  3 

3720.075 

.083 

-  8 

4199.263 

256 

+  7 

3724-5I9 

•5*7 

-  8 

4202. 194 

195 

—  1 

3731.084 

.  102 

-18 

4222.396 

387 

+  9 

3735-005 

.016 

—  11 

4271.917 

933 

-16 

3737  270 

.278 

-  8 

4325.Q2I 

941 

—  20 

3745-691 

.710 

-19 

4352.900 

910 

—  10 

3748.406 

•409 

-  3 

4369 -937 

954 

-17 

3749.628 

•634 

-  6 

4376.097 

104 

-  7 

3758.376 

38i 

-  5 

4383.705 

724 

-17 

3763 -932 

•940 

-  8 

4404.911 

929 

-18 

3767.336 

•339 

—  1 

4415.286 

301 

-15 

3788.023 

031 

-   8 

4447-886 

907 

—  21 

3795-M4 

.149 

-  5 

4494-749 

755 

-  6 

The  differences  in  the  third  column,  k  —  Jewell  —  K.,  exhibit 
some  rather  large  leaps  between  the  individual  lines,  which  are 
chiefly  due  to  accidental  errors  of  measurement  by  Jewell.  I 
have  smoothed  out  these  figures  graphically  and  give  in  Table  X 
the  values  of  the  correction  k  thus  found. 

22.  The  construction  of  a  table  of  standard  lines  of  the  arc 
spectrum  of  iron  rigorously  referred  to  the  corrected  Rowland 
system,  which  should  serve  as  the  basis  for  all  laboratory  meas- 
urements, can  be  accomplished  in  two  different  ways.  In  the 
first  place,  we  may  depart  from  the  relation  given  above  in  sec- 
tion 16, 

A  =  (F.  and  P.)  •  F    ; 

that  is,  we  may  reduce  to  the  Rowland  system  the  wave-lengths 
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TABLE  X. 

For  the  Reduction  of  Kayser's  Iron  Stand- 
ards to  the  System  of  the  P.  T. 

(Unit  is  o.oox  tenth-meter.) 


A 

k 

3400 
3450 
3500 

+   9 

-1-  6 
+  2 

3550 
360O 

-  3 

-  7 

3650 

—  10 

3700 

—  11 

3750 
3800 
3850 

-  8 

-  5 

-  6 

3900 

-  9 

3950 

—  11 

A 

Jt 

3950 

—  11 

4000 

—  10 

4050 

-  7 

4100 

-  4 

4150 

—  1 

4200 

0 

4250 

—  2 

4300 

-  7 

4350 

-13 

4400 

-16 

4450 

-14 

4500 

—  10 

in  the  iron  spectrum  measured  by  Fabry  and  Perot  by  multiply- 
ing them  with  the  factor  FQ  =  1.0000340  found  from  their  meas- 
ures in  the  solar  spectrum,  and  then  connect  to  them  lines  in  all 
parts  of  the  iron  spectrum  by  the  coincidence  method.  Instead 
of  the  iron  lines  of  Fabry  and  Perot  we  may  employ  the  other 
metallic  lines  determined  by  interference  methods  by  these 
observers  as  well  as  by  Michelson  and  by  Hamy,  the  wave- 
lengths of  which,  as  reduced  to  Rowland's  system,  I  have  col- 
lected  in  Table  XI. 

The  following  remarks  should  be  made  in  regard  to  this  list 
of  standard  lines.  Rowland's  system  gives  the  wave-lengths  in 
air  at  760  mm  pressure,  and  at  +20°  C,  while  Michelson's  cad- 
mium standards  are  referred  to  air  at  760  mm  pressure  and  at 
+  15°  C.  Fabry  and  Perot,  therefore,  properly  ought  first  to 
reduce  their  wave-lengths  to  +  20°  before  comparing  with  the 
P.T.  But  this  correction  is  precisely  proportional  to  the  wave- 
length, for  the  stretch  from  X  4000  to  X  7000,  being  here 

\^  —  1 .  0000047  AIS,  . 
This  reduction   factor  is  therefore   contained    in   the   values    of 
F  computed   by   Fabry  and   Perot,  and   hence  also  in  F0 ;  and 
accordingly  the  wave-lengths  are  at   the  same  time  reduced  to 
+  20"   when    they  are   multiplied   by  FQ.     The  values    of   X  in 
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A 

Element 

Observer 

A 

Element 

Observer 

4358.491 

Hg 

F.  and  P. 

5460.928I 

Hg 

F.  and  P. 

4662. 5117 

Cd 

H. 

5465.675 

Ag 

" 

4680.297 

Zn 

F.  and  P. 

5506.970 

Fe 

" 

4722.J25 

Zn 

a 

5586.965 

Fe 

tt 

4736.946 

Fe 

*% 

5615.848 

Fe 

" 

4800.0739 

Cd 

M. 

5763.219 

Fe 

<< 

48IO.699 

Zn 

F.  and  P. 

5769.7946 

Hg 

'* 

4859.928 

Fe 

<4 

5782.2^7 

Cu 

" 

5002.057 

Fe 

tt 

5782.356 

Cu 

" 

5083.518 

Fe 

H 

5790.8562 

Hg 

" 

508S.9969 

Cd 

M. 

589O.I65 

Na 

tt 

5086.0754 

Cd 

H. 

5896.132 

Na 

<< 

5105.717 

Cu 

F.  and  P. 

6065.695 

Fe 

« 

5153426 

Cu 

" 

623O.945 

Fe 

<i 

5154.8363 

Cd 

H. 

6325.3853 

Cd 

H. 

5209.258 

Ag 

F.  and  P. 

6362.56I 

Zn 

F.  and  P. 

5218.379 

Cu 

" 

6438.69I I 

Cd 

M. 

5233-132 

Fe 

tt 

6495.213 

Fe 

F.  and  P. 

5302.501 

Fe 

it 

6708.O74 

Li 

<i 

5434710 

Fe 

Table  XI  are  consequently  rigorously  referred  to  the  corrected 
Rowland  system  (P.  T.  +  C).  The  true  value  of  the  reduction 
factor,  depending  only  on  the  absolute  measurement,  or  upon 
the  comparison  with  the  standard  of  length,  is  therefore 

1 .0000340 

=1.0000293  • 

1.0000047 

The  large  difference  between  the  wave-lengths  of  the  cad- 
mium lines  at  X5086,  as  determined  by  Michelson  and  by  Hamy, 
may  possibly  be  explained  by  the  somewhat  different  character 
of  the  light  sources  used  by  the  two  observers  ;  as  to  this  point, 
see  the  articles  by  Fabry  and  Perot,1  Hamy,2  and  Bell.3  In  view 
of  the  great  importance  which  these  figures  have  in  the  con- 
struction of  a  new  fundamental  system  of  wave-lengths,  it  is 
nevertheless  necessary  that  the  values  of  Table  XI  should  be 
established  with  entire  certainty  by  independent  series  of  meas- 
urements by  different  observers. 

23.  Another  way  for  constructing  a  list  of  iron  standards 
accurately  referred  to  Rowland's  corrected  system  is  as  follows : 

1  Comptes  Rendusy  130,  653,  1900 ;  Astrophysical  Journal,  16,  36,  1902. 

3  Comptes  Rendus,  130,  700,  1900.  3  Astrophysical  Journal,  15,  157,  1902. 
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A  perfectly  correct  system  of  relative  wave-lengths  of  iron  (X') 
should  be  established,  at  first  wholly  without  regard  to  the  abso- 
lute wave-lengths,  either  by  interference  measurements  or  by 
means  of  coincidences  obtained  with  a  large  concave  grating. 
The  wave-lengths  of  the  same  lines  on  the  system  of  the  P.  T.  is 
obtained  by  the  above-mentioned  (20)  measures  of  displace- 
ments in  the  solar  spectrum.  F  is  obtained  by  the  division  of 
the  two  wave-lengths  thus  found  for  each  line,  and  thereafter  the 
reduction  factor  F0  is  obtained  by  taking  the  means,  and  then 
the  wave-lengths  of  the  iron  lines  measured  are  transferred  to 
the  Rowland  system  by  means  of  FQ.  Hence  the  reduction  is 
made  by  the  formula 

0       nZ*  A' 

where  n  is  the  number  of  lines  measured,  and  then 

k  =  FX  . 

24.  For  more  convenient  examination  I  will  summarize  here 
the  relationships  so  £ar  employed  and  the  conditions  which  con- 
nect them  : 

The  true  Rowland  system  at  present  current  is  represented  by 
the  wave-lengths  (P.  T.)  of  the  "Preliminary  Table  of  Solar 
Spectrum  Wave-Lengths. " 

The  P.  T.  contain  slowly  progressing  inequalities,  for  remov- 
ing which  the  corrections  Care  to  be  applied.  The  wave-length 
of  a  line  of  the  solar  spectrum  on  the  corrected  Rowland  system 

is  therefore 

XQ  -  P.  T.  +  C.  (a) 

Rowland's  standards  in  the  arc  spectrum  (M.  St.)  have  been 
systematically  vitiated  by  the  application  of  empirical  correc- 
tions in  a  manner  that  cannot  be  checked,  and  therefore  thev 
cannot  be  used  as  a  basis  for  accurate  measures.  The  system  of 
iron  standards  (A!".)  of  Kayser,  which  is  accurately  referred  to 
the  M.  St.,  must  therefore  receive  the  corrections  k  in  order  to 
be  compellable  with  the  P.  T.,  and  the  wave-length  of  an  iron 
line  on  the  corrected  Rowland  system  is  accordingly 

\j,=  A\+*+C  .  (b) 
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There  exists  between  X  0  and  \v  the  relation 

kQ-\„  =  JD,  (c) 

wherein  it  must  be  remembered  that  D  may  change  its  value 
from  line  to  line  by  leaps,  and  therefore  cannot  be  interpolated, 
as  can  C  and  k. 

It  follows  from  equations  (a)  and  (c)  that 

P.  T.-  D  =  \„-  C  .  (</) 

The  wave-lengths  of  metallic  lines  published  by  Jewell  give 

the  values  P.  T.  —  D%  and  must  therefore,  according  to  (d),  be 

corrected   by  the  amount  +  C%  in   order  to  furnish   the  correct 

wave-lengths : 

A*  =  (Jewell) +C.  (e) 

For  the  determination  of  k  we  get  from  (/;)  and  (e) 

k=  (Jewell)  -K.  (/) 

If  V  are  entirely  correct  relative  wave-lengths,  in  order  to 
refer  them  to  the  solar  spectrum,  we  have  either 

P.  T. 

whence  the  values  of  C  follow  from  (#);  or,  if  the  X'  referred  to 
metallic  lines, 

^  P.  T.  -  D 


'■  ^2 


K,  (A) 

whence  C  may  be  obtained  from  (</). 

If  the  X'  in  (g)  and  (//)  were  obtained  by  relative  measure- 
ments, the  values  F0  have  no  general  meaning;  but  if  they  were 
determined  by  absolute  measurements  —  as,  for  instance,  in  the 

system  of  Michelson  or  Fabry  and   Perot — then       is  the  factor 

■*  o 

for  converting  the  corrected   Rowland  system  into  the  absolute 
meter  system  ;  that  is, 

According  to  Michelson's  determination,  if  the  wave-lengths 
have  been  previously  reduced  to  the  same  temperature  of  the 
air,  the  value  of 

FQ      1  . 0000293  • 
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Use  will  be  made  of  this  conversion,  however,  only  in  very 
rare  cases  where  the  absolute  values  of  the  wave-lengths  are 
employed.  For  most  investigations,  particularly  in  astrophysics, 
it  is  enough  to  employ  the  correct  wave-lengths  X,  which  can 
easily  be  derived  from  all  series  of  observations  made  up  to  the 
present  and  referred  to  the  Rowland  system,  by  the  application 
of  the  small  corrections  C,  D%  and  k. 

Potsdam,  Astrophysikalisches  Observatorium, 
June  1903. 


THE    PEROT- FABRY  CORRECTIONS    OF    ROWLAND'S 

WAVE-LENGTHS. 

By  Louis  Bell. 

Last  year  in  this  Journal1  I  took  occasion,  in  discussing  the 
discrepancies  between  the  wave-length  measured  by  gratings  and 
by  the  interferometer,  to  call  in  question  the  validity  of  the  cor- 
rection curve  deduced  by  MM.  Perot  and  Fabry  for  Rowland's 
relative  wave-lengths.  Their  most  courteous  reply2  seems  to 
call  for  some  comment,  as  it  still  leaves  the  main  issue  in  doubt. 
The  corrections  deduced  by  them  are  actually  of  small  magni- 
tude, never  greater  than  0.03  tenth-meter  and  on  the  average 
less  than  0.02  tenth-meter3 — so  small,  in  fact,  that  were  they 
purely  accidental,  they  would  be  negligible  for  most  spectro- 
scopic purposes.  The  serious  feature  of  the  case  is  that  if  the 
reality  of  these  corrections  as  systematic  errors  is  established,  a 
grave  doubt  is  raised  as  to  the  sufficiency  of  the  grating  for  the 
determination  of  relative  wave-lengths  by  the  method  of  coinci- 
dences. The  minute  care  with  which  Rowland's  measures  were 
made  is  well  known,  and  if  the  method  itself  proves  to  have  been 
faulty,  spectroscopists  are  left  entirely  at  sea  for  any  practical 
method  of  establishing  relative  wave-lengths  in  ordinary  spectro- 
graph^ work.  If  an  error  of  even  0.02  tenth-meter  is  due  to 
systematic  causes,  errors  many  times  greater  may  reasonably  be 
expected  under  less  favorable  conditions. 

For  absolute  measures  the  grating  must  be,  as  I  have  already 
shown,  definitely  put  aside  for  good  and  sufficient  cause, 
although  I  do  not  consider  that  even  the  beautiful  work  of 
Michelson  and  Benoit  can  yet  be  accepted  as  a  final  result  within 
several  times  its  apparent  probable  error.  The  purely  metro- 
logical  difficulties,  well  known  to  those  who  arc  familiar  with  the 
comparison  of  standards  of  length,  are  sufficient  to  imply  some 
uncertainty.     Michelson's  value  is,  however,  much  more  reliable 

1  ASTROPHYSICAL  JOURNAL,  15,  157,  I902. 
3 Ibid.%  16,  36,  1902.  *Ibid.y  15,  272,  1902. 
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than  any  other,  and  is  very  properly  accepted  universally  as  the 
standard. 

As  regards  relative  measurements  the  case  is  different.  The 
closeness  of  agreement  instanced  by  Perot  and  Fabry  regarding 
their  own  measures1  can  be  duplicated  without  especial  difficulty 
in  the  higher  orders  of  a  long-focus  concave  grating.  The  rela- 
tive convenience  of  the  two  procedures  depends  on  the  nature 
of  the  research  undertaken.  Precision  of  setting,  in  methods 
both  essentially  micrometrical,  is  not  the  issue  here  involved.  It 
is  of  fundamental  importance  to  determine  whether  the  grating 
method  is  or  is  not  beset  by  systematic  errors  which,  small  in 
the  case  cited,  may  become  serious.  And  I  must  here  reiterate 
that,  while  systematic  errors  may  exist  in  that  or  any  other 
method,  the  evidence  adduced  by  Perot  and  Fabry  is  insufficient 
to  establish  them. 

In  the  first  place  one  must  recur  to  that  extraordinary  result 
of  Hamy2  for  the  wave-length  of  the  green  cadmium  line.  In 
this  instance  the  relative  values  assigned  by  Hamy  and  by 
Michelson  differ  by  0.079  tenth-meter,  a  quantity  four  times 
greater  than  the  differences  which  Perot  and  Fabry  have  sought 
to  establish  by  reference  to  this  same  green  line  assumed  as  a 
standard.  It  is  quite  true  that  the  experimenters  used  different 
sorts  of  vacuum  tubes,  but  the  observed  pressure  shifts  of  the 
Cd  lines  do  not  account  for  any  such  difference  as  that  here 
found;  and  if  they  did,  it  would  merely  show  such  hypersensi- 
tiveness  to  slight  changes  in  excitation  as  would  indicate  that 
the  line  in  question  is  a  very  shifty  standard.  The  other  alterna- 
tives are  a  downright  error  in  the  application  of  interference 
methods,  or  a  shifting  of  the  apparent  place  of  the  line  under 
differences  of  illumination.  Until  this  matter  is  cleared  up  the 
green  Cd  line  is  certainly  open  to  suspicion,  and  while  Perot  and 
Fabry  have  not  heretofore  had  occasion  to  note  its  possible 
variability,  they  may  actually  have  been  measuring  it  in  the  case 
under  discussion.  The  point  is  one  which  can  be  settled  only 
In'  a  thorough  investigation. 

Another  source  of  incertitude  in  measures  carried  out  by  the 

1  //>!(/.,  15,  2b.},    IQ02.  *  C.   /\\,  I3O,  489,    1900. 
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method  of  Perot  and  Fabry  is  one  common  to  all  micrometric 
comparisons  of  dark  and  bright  lines  —  viz.,  the  difficulty  of 
treating  such  lines  or  diffraction  rings  just  alike  in  making  the 
settings.  The  consistency  of  the  results  does  not  carry  proof 
that  there  is  no  error  introduced  in  locating  the  centers  of  the 
respective  objects,  and  that,  if  such  an  error  occurs,  it  will  remain 
constant  when  the  color  of  the  bright  line  or  field  changes.  The 
experiments  of  Reese x  and  of  Hasselberg2  show  very  plainly 
that  such  errors  occur  in  micrometric  measures  of  photographic 
plates  and  that  they  are  by  no  means  negligible  in  amount.  In 
these  cases  cited  they  partake  of  the  nature  of  a  personal  equa- 
tion which  may  or  may  not  have  the  same  sign  for  different 
observers.  Whether  the  difference  in  the  readings  by  two 
observers  having  personal  equations  of  the  same  sign  would  be 
comparable  in  size  with  their  common  error  would  be  a  matter 
of  chance.  The  smaller  the  absolute  error,  the  less  likely  per- 
ceptible differences  in  it. 

The  general  experience  of  spectroscopists  is  that  it  is 
extremely  difficult  to  treat  a  bright  line  and  a  dark  line  just 
alike  with  the  micrometer.  The  same  difficulty  extends  to  com- 
paring lines  of  widely  different  appearance  in  general.  And 
even  supposing  the  personal  equations  of  MM.  Perot  and  Fabry 
to  have  been  zero,  it  still  remains  to  be  shown  that  the  dark 
diffraction  ring  as  measured,  having  been  obtained  through  a 
rather  wide  slit,  correctly  represents  the  wave-length  of  the  line 
as  it  would  be  set  upon  in  the  grating  spectrum  itself.  Analogy 
would  suggest  the  negative,  and  it  would  be  most  extraordinary 
if  the  variation  remained  uniform  in  fields  of  different  colors  and 
intensities. 

Difficulties  of  this  sort  appear  in  every  branch  of  spectro- 
scopy when  dealing  with  quantities  of  the  order  of  magnitude 
attacked  by  Perot  and  Fabry,  and  are  most  aggravated  in  com- 
paring bright  and  dark  lines.  Even  in  Hasselberg's  plates, 
which  were  on  a  large  scale  and  uncomplicated  by  the  question 
of  color  differences,  the  errors  exceeded  o.oi  tenth-meter. 

In   my  previous  paper   I    referred   to   a   discrepancy  between 

1  A.STROPHYSICAL  JOURNAL,  15,   1 42,   IQ02.  2  Ibui.%  15,  20S,   IQ02. 
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Perot  and  Fabry's  correction  curve  and  their  value  for  the  Zn 
line  at  \  4810  -f.  The  difference,  as  they  remark,  is  in  the 
direction  which  would  be  produced  by  pressure-shift;  but  Row- 
land's measures  on  the  arc  agree  with  his  solar  value  to  0.002 
tenth-meter,  and  the  pressure  shift  for  Zn%  as  found  by  Hum- 
phreys and  Mohler,1  accounts  for  only  one-fourth  of  the  out- 
standing difference  of  0.02  tenth-meter.  The  error  may  be 
Rowland's,  or  Perot  and  Fabry's,  or  due  to  both,  but  it  is  much 
larger  than  the  ostensible  probable  errors  of  either. 

A  far  more  serious  source  of  error  is  the  apparent  neglect  by 
Perot  and  Fabry  of  the  corrections  for  the  Earth's  annual  and 
diurnal  changes  of  relative  velocity.  Perot  and  Fabry  very  care- 
fully eliminated  the  velocity  shift  due  to  the  Sun's  rotation,  but 
I  find  no  record  of  corrections  for  the  Earth's  motion,  which  is 
almost  equally  important.  This  error  affects  all  comparisons  of 
solar  and  terrestrial  sources,  but  of  course  does  not  appear  in 
comparisons  of  solar  or  terrestrial  sources  by  themselves. 

Frost2  has  examined  these  errors  and  finds  for  the  correction 
due  to  the  eccentricity  of  the  Earth's  orbit  a  value  varying  from 
o  to  4=0.01  tenth-meter  as  the  Earth  shifts  from  perihelion  or 
aphelion  to  quadrature,  the  latter  being  reached  in  April  and 
October.  The  value  I  here  note  is  for  the  green  of  the  spectrum. 
Similarly  the  variation  with  hour-angle  amounts  in  the  latitude 
of  Paris  to  about  0.006  X  sin  /  tenth-meter  in  the  green.  These 
quantities  are  quite  comparable  with  those  which  Perot  and 
Fabry  have  sought  to  evaluate,  and  must  be  reckoned  with  in 
every  comparison  of  solar  and  metallic  spectra,  although  gener- 
ally, if  not  universally,  neglected. 

Any  one  of  the  sources  of  error  which  I  have  here  noted  is 
sufficient  to  account  for  the  apparent  systematic  variations  in 
Rowland's  relative  wave-lengths  found  by  Perot  and  Fabry,  and 
until  they  are  eliminated,  one  and  all,  it  is  unsafe  to  assume  that 
Rowland's  relative  values  involve  errors  other  than  accidental. 
The  differences  found  are  much  greater  than  the  probable  errors 
of  reading  either  with  the  grating  or  the  interferometer,  and 
deserve  further  investigation;  but  they  certainly  should  not  be 

'//>!</.,  3,  114,  1896.  *Ibid.9  10,  283,  1900. 
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charged  up  to  systematic  errors  introduced  in  Rowland's  method 
of  coincidences  until  the  method  used  to  determine  them  is 
cleared  of  the  uncertainties  which  have  here  been  noted.  I  do 
not  hold  Rowland's  work  as  in  the  least  sacrosanct,  and  I  greatly 
admire  the  elegant  method  adopted  by  MM.  Perot  and  Fabry; 
but  the  matter  at  stake  is  the  validity  of  relative  wave-lengths 
measured  with  the  grating. 

The  whole  discussion  tends  to  confirm  the  opinion,  expressed 
in  my  previous  paper,  that  at  about  o.oi  tenth-meter  the  pre- 
cision of  wave-length  measurements  rests  on  a  somewhat  shaky 
foundation  on  account  of  numerous  and  varied  small  sources  of 
error,  which  it  is  to  be  hoped  will  eventually  be  eliminated. 

The  attempt  of  Eberhard*  to  confirm  the  results  of  Perot  and 
Fabry  from  the  wave-length  measurements  of  Miiller  and  Kempf 
is  interesting,  but  somewhat  unconvincing.  In  Fig.  I  I  have 
plotted  the  variations  from  Rowland's  tables  of  the  individual 
lines  studied  by  Eberhard,  together  with  some  others  of  Miiller 
and  Kempf's  lines  easily  identified  on  Rowland's  map.  The 
result  is  ragged  in  the  extreme,  and  shows  the  futility  of  using 
such  data  to  define  supposed  errors  eight  or  ten  times  smaller 
than  the  variations  in  the  data.  The  similarities  between  Perot 
and  Fabry's  and  Miiller  and  Kempf's  curves,  as  shown  by  Eber- 
hard, seem  to  be  mainly  due  to  the  process  of  averaging.  The 
differences  are  conspicuous.  For  instance,  as  between  Rowland 
and  Perot  and  Fabry  there  is  practically  a  constant  difference 
from  X  5900  to  X  5600.  But  in  this  particular  region  the  differ- 
ence between  Rowland  and  Miiller  and  Kempf  is  varying  with 
great  rapidity.  The  greatest  abnormality  between  R.  and  P.  and 
F.  is  at  X  5200,  while  between  R.  and  M.  and  K.  there  are  two 
regions  of  about  equally  great  variation,  one  at  X  5 300,  the  other 
at  X  6300.  Add  to  this  the  wideness  of  the  apparent  variations 
shown  by  M.  and  K.  as  compared  with  those  shown  by  P.  and 
F.,  and  I  do  not  see  how  one  can  avoid  the  conclusion  that  the 
former  are  entirely  worthless  as  confirmatory  evidence.  In  Fig. 
1  I  have  shown  in  addition  the  relation  of  Rowland's  values  to 
those  obtained  in  absolute  measure  by  Thalen.2      These,  as  might 

1  Jbid.y  17,  141,  1903.  a  Nova  Acta  Upsala,  1899. 
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be  anticipated,  are  in  vastly  better  accord  with  each  other  than 
the  measures  of  Miiller  and  Kempf,  in  which  great  skill  was 
handicapped  by  poor  gratings  ;  but  in  relative  values  they  do  not 
agree  with  either  M.  and  K.  or  P.  and  F.  Thalen  shows  an 
abnormal  region  at  about  X  5150,  near  that  located  by  P.  and  F., 


M.&  K. 


+0.10 


Thalen 
F.  Sz  P. 


but  toward  the  red  the  two  sets  diverge,  Thalen  indicating  almost 
a  constant  difference  from  Rowland  and  showing  no  such  extraor- 
dinary difference  at  X  S500  as  ls  found  in  M.  and  K.  In  short, 
Perot  and  Fabry,  Miiller  and  Kempf,  and  Thalen  agree  neither 
witli  Rowland  nor  with  each  other,  the  variations  being  conspic- 
uously greater  than  the  probable  errors  in  each  case.  Rowland's 
values  may  very  possibly  be  in  error,  but  they  obviously  cannot 
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concurrently  err  by  three  different  and  considerable  amounts  at 
the  same  point.  Considering  the  methods  employed  and  the 
magnitudes  of  the  supposed  errors  located  by  Perot  and  Fabry 
it  is  in  no  wise  hypercritical  to  say  that  only  the  results  of  these 
latest  experimenters  can  be  taken  seriously.  I  hope  ere  long, 
through  the  courtesy  of  Mr.  Jewell,  to  have  at  hand  a  direct 
recomparison  of  certain  of  Rowland's  lines  which  will  confirm  or 
reject  the  differences  found  by  Perot  and  Fabry  between  the 
regions  circa  \  5200  and  5/00.  Meanwhile  these  differences 
should  be  taken  to  heart  as  a  lesson  in  the  relation  between 
probable  and  possible  errors. 

Boston,  July  1903. 


ON   THE   SPECTRUM    AND   RADIAL   VELOCITY 
OF  X  CYGNI. 

By  G.  Eberhard. 

The  well-known  variable  x  Cygni  has  been  observed  by  me 
at  its  last  two  appearances  in  1901  and  1902  with  the  aid  of  the 
excellent  spectrograph  IV,  designed  by  Vogel  for  the  Potsdam 
photographic  refractor  (32.5cm).  The  results  obtained  during 
its  appearance  in  1901  have  already  been  published  in  No.  3765 
of  the  Astronomische  Nachrichten.  The  observations  of  1902, 
however,  indicate  departures  in  some  respects  from  the  star's 
behavior  in  the  year  preceding,  and   for  this  reason  it  may  be 
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well  to  insert  here  briefly,  at  the  appropriate  places,  the  principal 
results  from  the  above-mentioned  communication. 

The  star  %  Cygni  has  a  very  weak  absorption  spectrum,  on 
which  an  emission  spectrum  of  very  bright  hydrogen  lines  and 
some  essentially  weaker  metallic  lines  are  superposed.  While 
the  bright  Hy  line  at  the  time  of  the  light  maximum  of  x  Cygni 
requires  an  exposure  which  corresponds  to  a  star  of  the  first  type 
and  second  or  third  magnitude,  it  is  necessary  to  expose  for  the 
continuous  spectrum  as  long  as  for  a  star  of  the  first  type,  but 
of  about  the  sixth  magnitude.  On  this  account  it  is  unfortu- 
nately impossible  to  obtain  a  good  photograph  of  the  continuous 
spectrum  except  at  the  time  of  the  light  maximum,  and  even 
then  only  on  those  evenings  during  which  favorable  atmospheric 
conditions  prevail,  while  the  bright  Hy  line  is  easily  photograph- 
able  even  when  the  brightness  of  the  star  is  still  less. 

The  measurement  of  the  bright  Hy  line  and  the  equally  bright 
Fe  line  at  A.  4308  gave  for  the  year  1901  the  radial  velocity 
indicated  in  the  preceding  table. 

In  good  agreement  with  those  figures  is  the  radial  velocity  of 
the  star  obtained  in  1902  : 
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In  this  table  it  is  to  be  noted  that  the  estimates  of  the  mag- 
nitude of  the  variable  in  terms  of  the  usual  comparison  stars 
were  made  only  incidentally,  and  can  therefore  make  no  claim 
to  precision,  and  the  given  magnitudes  may  perhaps  be  uncertain 
by  several  tenths.  The  Hy  line  presented  the  same  appearance 
during  both  years;  it  was  hazy  toward  the  red,  as  was  also  HB. 
This  caused  an  uncertainty  in  the  measurement,  since  it  was  not 
easy,  particularly  in  the  case  of  fully  exposed  plates,  always  to 
judge  in  the  same  manner  as  to  the  place  of  maximum  intensity 
which  is  set  upon  throughout  the  measurement.  The  figures 
given  for  the  single  plates  show  this  clearly.  I  sometimes  got 
the  impression,  particularly  on  plate  1 169,  that  ffy  was  double  ; 
but  this  question  could  not  be  decided  with  certainty  in  view  of 
the  comparatively  slight  linear  extent  of  the  spectrograms.  The 
much  fainter  Fe  line  at  X4308  could  be  measured  only  011  the 
plates  of  1 90 1,  and  it  was  only  just  at  the  close  of  the  observa- 
tions of  the  next  year  that  it  was  visible  at  all,  and  then  it  wras 
too  faint  for  measurement. 

Nothing  in  the  way  of  a  law  appears  in  the  separate  figures  of 
the  above  tables,  so  that  we  are  well  justified  in  assuming  that 
the  radial  velocity  of  the  portions  of  x  Cygni  showing  the  emis- 
sion lines  is  constant  and  about  —20  km.  The  comparatively 
large  departures  of  the  individual  values  from  the  mean  are 
probably  less  to  be  attributed  to  alterations  in  the  form  of  the 
Hy  line  than  to  the  uncertainty  of  the  observer  as  to  the  proper 
place  at  which  to  make  the  setting. 

The  continuous  spectrum  of  x  Cygni varies  much  from  that  of 
the  Sun  between  X.4200  and  X4435,  perhaps  most  closely  resem- 
bling that  of  a  Hcrculis.  The  intensities  of  many  lines  —  as,  for 
instance,  those  of  Ca  and  Va  —  are  wholly  different  from  those 
in  a  star  of  the  second  type.  Many  of  the  characteristic  iron 
lines  are  partially  concealed  by  the  Fe  emission  lines.  In  all 
about  seventy  lines  could  be  recognized  between  \  4200  and 
A  4435  on  the  fully  exposed  plates,  and  I  have  made  the  attempt 
to  identify  these  with  known  lines  of  the  elements. 

The  presence  of  Ca,  Ti,  Cr,  Va,  Fe,  and  Mg  could  be  estab- 
lished, and,  in  fact,  practically  all  the  principal  lines  of  these 
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metals  were  present.  Several  of  the  absorption  lines  of  iron 
were  in  1 901,  as  already  stated,  partially  concealed  by  the  iron 
emission  lines;  for  instance,  those  at  \4415.29,  4383.71,  4325.94, 
4308.06.  But,  on  the  contrary,  no  such  superposition  could  be 
determined,  and,  indeed,  the  Fe  emission  lines  did  not  appear  at 
all  until  the  brightness  of  the  star  was  again  rapidly  decreas- 
ing. 

There  were  a  large  number  of  lines,  particularly  of  the  broader 
ones  (presumably  groups),  which  I  could  not  assign  to  any  ele- 
ment with  any  degree  of  probability.  I  do  not  give  these  in 
detail  here,  since  a  minute  knowledge  of  the  spectrum  of  x  Cygni 
will  not  be  attained  until  a  bright  star  of  the  same,  or  at  least  of 
a  similar,  character  (such  as  0  Ceti  at  a  principal  maximum)  has 
been  investigated  with  an  instrument  of  the  greatest  possible  dis- 
persion. On  account  of  our  still  too  limited  knowledge  of  the 
continuous  spectrum,  there  is  only  a  small  number  of  tolerably 
unobjectionable  lines  at  our  disposal  for  a  determination  of 
velocity.  Based  upon  twelve  and  eighteen  such  selected  lines 
the  radial  velocity  of  the  portion  of  x  Cygni  producing  the  con- 
tinuous spectrum  resulted  as  follows : 

igoi  -(-2.5  km  Plate  772  1902  —1.3  km  Plate  1  [62 

+  2.3  774  -3-3  1165 

Mean  +2.4  km  —2.3  km 

I  was  at  first  of  the  opinion  that  this  not  particularly  large 
difference  of  the  values  of  the  radial  velocity  was  perhaps  to  be 
attributed  to  flexures  in  the  apparatus  during  the  comparatively 
long  exposure  of  from  two  to  four  hours.  This  is,  however,  not 
very  probable,  since  with  these  long  exposures  the  Fe  compari- 
son spectrum  was  for  precaution  taken  both  at  the  beginning  and 
end  as  well  as  at  the  middle  of  the  exposure;  moreover,  the 
plates  were  made  at  neither  very  large  nor  very  different  hour 
angles,  the  middle  of  the  exposures  falling  in  every  case  near 
the  meridian.  Furthermore,  if  such  flexures  actually  occur,  the 
radial  velocities  of  these  plates,  as  deduced  from  the  bright  ffy 
line,  should  exhibit  especially  large  deviations  from  the  mean 
values,  which  is  not  the  case.      Hitherto  an  appreciable  effect  of 
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flexure  has  not  appeared  on  the  plates  taken  with  spectrograph 
IV,  and  temperature  changes  are  excluded  by  the  continuous 
careful  supervision  of  the  electric  heating,  so  that  we  may 
assume  for  the  present,  with  a  high  degree  of  probability,  that 
the  portion  of  %  Cygni  producing  the  continuous  spectrum  has  a 
variable  radial  velocity.  Further  observations  will  be  required, 
however,  for  the  certain  decision  of  this  matter,  and  I  therefore 
plan  to  continue  the  spectrographic  observations  of  x  Cygni  dur- 
ing  this  year,  particularly  in  respect  to  the  above  question,  the 
solution  of  which  is  of  the  greatest  importance  for  the  explana- 
tion of  the  phenomena  presented  by  a  variable  of  this  sort. 

It  is  in  any  case  quite  remarkable  that  x  Cygni  exhibits  the 
same  behavior  as  o  Ceti  in  the  fact  that  for  both  stars  the  emis- 
sion spectrum  is  displaced  toward  the  violet  of  the  absorption 
spectrum,  contrary  to  the  manner  in  the  case  of  the  temporary 
stars.  On  June  I  (Plate  D115;  exposure  90  m)  and  June  9, 
1899  (D116;  exposure  150  m),  two  plates  of  x  Cygni  were 
made  by  Dr.  Ludendorff  and  myself  with  spectrograph  III,  which 
showed  Hy,  //8,  //£,  HO,  and  Hi  to  be  bright,  He  being  lacking 
on  account  of  the  strong  calcium  absorption.  Hh  is  by  far  the 
strongest  line.  A  bright  line  having  the  wave-length  3905.8  also 
appears,  and  therefore  coincides  with  the  principal  line  at  3905.7 
(Rowland)  in  the  arc  spectrum  of  silicon.  I  followed  up  this 
interesting  fact  and  found  that  the  line  also  occurred  in  a  spec- 
trum of  Mir  a  Ceti  obtained  by  Dr.  Ludendorff  and  myself  in 
1899,  and  that  it  was  also  doubtless  measured  by  Vogel1  in 
earlier  plates  of  this  star  (X  3906).  The  fact  that  the  bright  ///S 
line  was  not  present,  although  observed  by  Miss  Maury,3  is  to 
be  attributed  to  the  fact  that  light  of  this  wave-length  is  united 
too  far  from  the  focus  of  the  region  [Hy  to  //£)  ordinarily  used, 
both  for  the  photographic  refractor  and  for  spectrograph  D. 

On  the  plates  of  1899,  1901,  1902  there  is  further  present 
between  X  4000  and  \  4200  a  series  of  strong  brightenings, 
giving  the  impression  of  broad  bright  lines.     There  is  a  particu- 

,uUel)er  das  Spectrum  von  Mini  Ceti"  Sitzungsberichte  der  K.  Akad.  der  Wiss. 
zit  Berlin,  17,  305,  1S96. 

-Annul*  of  Harvard  College  Observatory,  28,  I,  98. 
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larly  strong  band  of  this  sort  at  X4138,  and  one  lying  at  the 
side  toward  red  of  Hi.  Inasmuch  as  spectrograph  IV  does  not 
permit  any  accurate  measurements  of  wave-lengths  in  this  region, 
I  have  not  been  able  to  attempt  the  identification  of  these  bright 
bands. 

In  concluding  I  would  also  mention  that  the  bright  lines  Hyt 
//St  and  Fe  \  4308  altered  their  intensities  in  different  ways  in 
1 90 1.  From  August  2  until  September  19  Hi  was  considerably 
brighter  than  Hy;  from  October  3  to  15  Hy  and  Hi  differed 
little  from  each  other;  on  October  26  they  were  equal;  and  on 
November  9  and  23  Hy  was  brighter  than  H8.  The  Fe  line 
X  4308,  on  the  contrary,  increased  in  brightness  the  fainter  the 
star  became.  While  it  was  not  present  on  August  24  and  31 
-with  an  exposure  of  60  minutes,  it  appeared  on  September  7  in 
an  equal  exposure  time  and  remained  of  this  intensity  until 
about  the  last  plate,  on  which  it  was  equal  to  Hy  in  brightness. 
The  other  bright  Fe  lines  —  for  instance,  \  4402  —  were  only  just 
barely  visible  with  the  exposures  chosen  and  were  in  any  case 
not  measurable. 

Potsdam,  June  23,  1903. 

POSTSCRIPT. 

(July  14,  1903.) 

In  Bulletin  No.  41  of  the  Lick  Observatory  Mr.  Stebbins  has 
just  published  his  pretty  investigations  of  the  spectrum  of  0  Ceti. 
It  is  evident  that  my  similar  paper  on  x  Cygni  in  A.  N.  No.  3765 
was  unknown  to  him,  for  otherwise  the  highly  interesting  fact 
would  not  have  escaped  him  that  both  stars  exhibit  a  precisely 
identical  behavior,  both  as  to  the  spectrum  and  as  to  the  varia- 
tions of  the  spectrum  ;  whence  it  is  highly  probable  that  this 
sort  of  spectrum  is  typical  for  the  long-period  variables  of  that 
class. 


ON    DOUBLE    REVERSAL. 
By  W.  J.  Humphreys. 

Apparently  not  much  attention  has  been  given  to  double 
reversal ;  that  is,  the  occurrence  of  a  narrow  bright  line  on  the 
dark  space  of  a  broadly  reversed  one.  Liveing  and  Dewar1  speak 
of  having  often  momentarily  seen,  though  rarely  photographed, 
this  condition  on  the  introduction  of  fresh  material  into  the  arc. 
Kayser*  says  that  he  has  photographed  it  very  rarely  ("nur 
ungemein  selten"),  and  that  he  doubts  the  genuineness  of  the 
two  cases  selected  from  his  plates  to  illustrate  this  phenomenon; 
a  doubt  well  founded,  as  will  appear  presently.  Jewell,3  on  the 
other  hand,  states  that  a  certain  result  exhibited  by  double  and 
multiple  reversal,  displacement  of  the  line  due  to  quantity  of 
material,  "is  shown  in  a  large  number  of  cases/'  Still  in  these 
different  papers,  and  elsewhere,  so  far  as  I  am  aware,  the  phe- 
nomenon is  soon  dismissed,  and  no  experiments  are  described 
that  help  to  determine  just  what  is  essential  to  its  appearance. 

Double  reversal  has  long  been  known  to  be  both  persistently 
and  well  marked  in  the  Sun's  faculae,  so  that  there  can  be  no 
doubt  about  its  actual  existence,  under  proper  conditions;  and 
thereby  its  claim  to  specific  investigations  is  established. 

I  do  not  know  how  many  photographs  I  have  taken  of  arc 
spectra,  but  certainly  several  thousand,  and  of  practically  all 
known  elements  that  can  be  so  used.  The  great  majority  of 
these  were  secured  at  atmospheric  pressure,  but  a  few  hundred 
were  obtained  at  higher  pressures,  up  to  nearly  fifteen  atmos- 
pheres. The  volume  of  the  current  has  been  multiplied  more 
than  a  hundredfold,  and  the  quantity  of  material  in  the  case  of 
several  elements  variously  altered  from  mere  traces  to  solid  rods 
of  the  metal  in  a  reasonably  pure  state.  Still  with  all  these 
changes,  until  a  method  presently  to  be  explained  was  adopted, 
I  never  observed  visually  a  single  case  of  double  reversal,  and 

1  Proceedings  of  the  Cambridge  Philosophical  Society %  4,  264. 

3  Jlatull'uch  tier  Spectroscopic,  2,  363.  3  ASTROI'HYSICAL  JOURNAL,  3,  95.   1896. 
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only  a  few  of  my  plates  give  any  evidence  of  it.  Besides  in 
each  of  these  few  the  phenomenon  is,  I  am  convinced,  entirely 
spurious. 

An  interesting  case  of  apparent  double  reversal  is  shown  in 
Fig.  1  of  the  accompanying  plate.  This  line  in  the  reversal  of 
D1  is  supposed  by  Kayser*  to  be  due  to  sodium,  and  he  regards 
it  as  possibly  a  true  double  reversal,  and  also  says2  that  it  shows 
the  displacement  of  the  center  of  the  reversal  when  a  large 
amount  of  material  is  used  from  the  position  of  the  correspond- 
ing line  given  by  a  small  amount  of  the  substance. 

During  the  course  of  this  investigation  I  got  what  I  shall  call 
the  true  double  reversal  of  the  sodium  D's,  as  shown  in  Fig.  4. 
Here  both  the  D's  are  doubly  reversed,  and  the  fine  lines  are  cen- 
trally placed.  After  some  further  experiments  it  was  found  that 
by  mixing  iron  and  sodium  together  and  burning  them  in  a 
common  arc  Fig.  1  was  always  obtained,  but  never  so  when  the 
iron  was  left  out.  The  conclusion  therefore  is,  and  this  is  sup- 
ported by  careful  measurements,  that  the  fine  line  in  question  is 
the  ultra  violet  iron  line  A.  2948.00,  second  order,  superimposed 
on  Dx,  A.5896.16,  first  order. 

This  must  not  be  taken  as  a  wilful  criticism  of  Kayser's  work. 
All  of  us  who  have  the  pleasure  of  making  investigations  in  this 
fascinating  field  acknowledge  ourselves  immeasurably  indebted  to 
him,  and  therefore  feel  it  a  duty  as  well  as  a  privilege  to  make, 
whenever  we  can,  even  the  slightest  addition  to  or  correction  of 
his  masterly  treatise. 

Fig.  I  seems  to  indicate  that,  while  the  outer  layers  of  rela- 
tively cool  sodium  vapor  can  strongly  absorb  light  of  the  wave- 
length given  by  D,,  it  cannot  so  cut  out  light  of  double  that 
frequency.  Indeed,  no  theory,  so  far  as  I  know,  would  lead  us 
to  suppose  that  free  particles,  such  as  fill  the  electric  arc,  could 
absorb  vibrations  other  than  those  which  they  can  also  emit. 
However,  that  idea  in  this  particular  case  was  experimentally 
tested,  as  follows: 

Two  arcs  were  connected  up  in  series,  and  placed,  about  5  cm 
apart,  in  line  with  the  slit  of  the  spectroscope.     The  arc  next  the 

1  Handbuch  der  Spectroscopic,  2,  363.  *  Ibid.,  365. 
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slit  contained  a  large  amount  of  sodium,  while  the  one  farther 
away  had  a  small  amount  of  iron.  On  developing  the  spectro- 
gram secured  with  this  arrangement,  the  fine  iron  line  came  out 
nicely  on  the  reversal  of  Dx,  and  showed  that  its  light  had  not 
been  very  greatly  absorbed.  When,  instead  of  iron,  a  small 
amount  of  sodium  was  used  in  the  more  distant  arc,  no  trace  of 
the  D's  thus  obtained  could  be  seen  on  the  broad  reversals  due  to 
the  sodium  in  the  nearer  arc.  It  would  seem  then,  to  borrow  a 
musical  term,  that  in  this  case  the  particlis  that  cut  out  one  note 
cannot  absorb  its  octave.  Neither  will  it  absorb  the  sub-octave, 
as  is  shown  by  mixing  a  trace  of  barium  with  thallium,  by  which 
the  barium  line  X  5 535.69,  first  order,  is  superimposed  on  the 
reversal  of  the  thallium  line  A.  2767.97,  second  order. 

A  somewhat  different  case  of  apparent  double  reversal  is 
given  by  adding  some  iron  to  aluminium.  Here  the  reversal  of 
the  aluminium  line  A.  3092.84  contains  the  iron  line  X 3092.87. 
In  this  case  the  relatively  cool  vapor,  in  the  outer  parts  of  the 
arc,  that  cut  out  an  aluminium  radiation  of  a  certain  wave-length, 
either  will  not  absorb  an  iron  radiation  of  the  same  wave-length 
or  else,  as  seems  to  me  more  likely,  its  absorptive  power  at  this 
place  is  not  equal  to  the  combined  corresponding  emission  of 
the  two  elements. 

With  materials  free  from  iron,  one  could  easily  determine 
experimentally  which  of  these  suppositions  is  correct,  but,  as  my 
carbons  and  aluminium  both  contain  enough  iron  to  render  the 
results  doubtful,  I  have  not  as  yet  undertaken  it. 

Occasionally  two  lines  of  the  same  element  produce  results 
markedly  like  double  reversal.  Thus  the  iron  line  X  2966.99, 
third  order,  contains  in  its  reversal  the  iron  line  X4450.44,  second 
order.  Also  the  two  iron  lines  X3020.70  and  X3021.15  both 
reverse  in  such  way  as  to  appear  like  a  single  broadly  reversed 
line  with  a  fine  line  a  little  to  the  violet  of  its  center.  But  the 
best  example  I  have  seen  of  this  is  given,  when  a  large  amount 
of  iron  is  used,  by  the  lines  X 2973. 1 7  and  X2973.41.  This  com- 
bination, as  it  appears  on  one  of  my  plates,  is  shown  in  Fig.  3. 
The  fine  line,  nearly  centrally  placed  in  what  seems  to  be  the 
reversal  of  a  single  line,  is,  as  shown  by  a  careful  determination 
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of  its  wave-length,  X 2973.28,  only  the  unabsorbed  remnants  of 
the  red  and  violet  sides  respectively  of  the  two  reversed  lines. 
Clearly  then  one  side  of  each  line  is  largely  absorbed  by  the 
vibrating  particles  that  produce  the  central  parts  of  the  other,  a 
result  in  accord  with  the  idea  that  in  any  particular  case  the 
absorption  of  radiant  energy  depends  upon  its  wave-length  and 
not  upon  its  origin. 

Fig.  2  illustrates  probably  the  most  common  case  of  apparent 
double  reversal.  This  line  X 3383.00  was  obtained  by  putting  a 
button  of  metallic  silver  in  the  arc.  At  first  the  arc  burned 
violently,  and  most  of  the  metal  was  quickly  driven  out.  This 
period  was  followed  by  one  of  comparatively  quiet  action  with  a 
smaller  amount  of  .silver.  The  result  was,  therefore,  a  negative, 
produced  by  successive  exposures,  indistinguishable  in  appear- 
ance alone  from  true  double  reversal.  In  the  same  way  I  have 
obtained  one  plate  that  shows  an  apparent  triple  reversal  of  the 
silver  lines. 

As  stated  above,  true  double  reversal  is  found  in  the  faculai, 
and  it  was  during  an  attempt  to  explain  to  Professor  Ormond 
Stone  its  probable  origin  in  this  case  that  it  occurred  to  me  to 
test  the  effect  of  two  arcs  connected  in  series  and  so  placed  that 
the  light  of  one  could  reach  the  slit  only  by  passing  through  the 
other.  By  putting  a  small  amount  of  the  substance  to  be  studied 
in  the  arc  nearest  the  slit  and  a  large  amount  in  the  other,  which 
was  about  5  cm  farther  removed,  the  phenomenon  of  double 
reversal  was  always  produced.  On  interchanging  the  arcs  no 
such  result  appeared — only  the  dark  reversals  due  to  the  large 
amount  of  the  substance  then  in  the  nearer  arc. 

The  following  table  gives  a  list  of  the  lines  that  were  thus 
obtained  doubly  reversed.  All  those  in  the  visible  region  were 
repeatedly  observed,  and,  with  the  exception  of  the  lithium 
line,  also  photographed.  This  list,  which  a  little  care  would 
extend,  is,  I  trust,  sufficient  to  show  how  double  reversal  may 
always  be  obtained;  that  is,  by  the  use  of  two  independent 
sources  of  the  radiation  in  question,  the  one  giving  the  broadly 
reversed  line  shining  through  the  nearer  source  which  contains 
a  relatively  small  amount  of  the  material. 
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The  doubly  reversed  lines  in  the  spectra  of  faculae  may  there- 
fore be  interpreted  as  due  to  two  practically  distinct  sources  of 
light :  a  source  deep  in  the  Sun's  atmosphere,  where  the  material 
is  abundant  and  the  consequent  reversals  broad ;  and  above  this 
a  more  or  less  detached,  self-luminous  cloud  containing  a  rela- 
tively small  amount  of  the  substance. 

It  might  at  first  seem,  if  this  is  the  explanation  of  double 
reversal,  that  ordinary  arc  spectra  should  often  show  the  phe- 
nomenon, due  presumably  to  the  arc  burning  in  two  parts,  one 
behind  the  other,  and  containing  a  different  amount  of  the 
material.  This,  however,  would  really  be  two  parallel  arcs,  and, 
as  is  well  known,  they  will  not  burn  that  way.  A  split  arc  is 
therefore  not  a  thing  of  any  permanence,  if  indeed  it  has  even  a 
momentary  existence ;  and  thus  true  double  reversals,  as  above 
explained,  seldom,  if  ever,  appear  in  arc  spectra. 


DOUBLY    REVERSED    LINES. 


Element 

Wave-length 

Remarks 

Element 

Wave-length 

Remarks 

Ba 

4554-21 

Pb 

4057.97 

4934.24 

Li 

6708.20 

Small  line  complex 

" 

5535  69 

Small  line  confused 

MR 

2852.22 

(  Fig.  7  of  plate,  small 
I      line  also  reversed 

Cd 

3201.17 

Fig.  10  of  plate 

Ca 

3933 -83 
3968.63 

Ag 

3280.80 

(  Fig.  5  of  plate,  small 
(      line  also  reversed 

4226.91 

Fig.  8  of  plate 

«< 

3383.00 

Cu 

3247-65 

Na 

5890.19 

Fig.  4  of  plate 

3274.06 

" 

5896.16 

Fig.  4  of  plate 

Pb 

2014.26 
2S02.09 

1 

Sr 

4077.88 
4215.66 

2823.28 

" 

4607.52 

Fig.  9  of  plate 

2833.17 

77 

5350.65 

Fig.  6  of  plate 

3639 • 7 1 

Sn 

3175.12 

F'ig.  11  of  plate 

<< 

3683 . 60 

Fig.  12  of  plate 

«« 

3262.44 

The  doubly  reversed  lines  offer  a  favorable  opportunity  for 
studying  the  effect  of  quantity  of  material  on  wave-length. 
The  lithium  line  X6708.2  shows  a  double  reversal  very  excellently, 
and  even  the  smaller  line  is  also  often  reversed.  In  this  case 
the  larger  part  of  the  small  line  is  to  the  red  of  its  own  reversal. 
while  when  not  reversed  the  fine  line  is  to  the  blue  of  the  center 
of  the  larger  reversal. 
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This  line  was  found  by  Michelson1  to  be  a  confused  double, 
the  difference  in  wave-length  between  the  components  being 
about  0.14  tenth-meter.  The  components  are  unequal  in  inten- 
sity, but  there  is  no  record  as  to  which  has  the  longer  wave- 
length. My  own  observations  would  be  fully  accounted  for  by 
assuming  the  line  to  be  double,  as  Michelson  found  it,  and  with 
the  feebler  component  to  the  red  of  the  heavier  one. 

The  barium  line  X  5535-69  also  seemed  either  confused,  or 
closely'  accompanied  by  a  line  due  to  some  other  element,  prob- 
ably the  iron  line  X 5535.52. 

It  is  well  known  that  many  lines  are  more  or  less  complex, 
some  of  them  exceedingly  so,  and  it  may  be  that  the  brightest 
component,  when  a  small  amount  of  material  is  burned,  does  not 
remain  so  when  the  substance  is  used  in  quantity.  At  any  rate, 
the  complexity  and  unsymmetrical  spreading  of  many  lines  make 
it  doubtful  whether  the  wave-length  of  any  given  component  is 
ever  changed  by  merely  varying  the  amount  of  material  pro- 
ducing it. 

However  this  may  be,  careful  and  repeated  measurements  in 
both  directions  over  my  plates  fail  in  most  cases  to  show  with 
certainty  any  displacement  of  the  fine  line  from  the  center  of 
the  broad  reversal.  Even  the  sodium  D's,  g  of  calcium,  the 
strontium  line  X4607.52,  and  some  others,  that  are  greatly 
shifted  by  mechanical  pressure  are  within  errors  of  my  measure- 
ments centrally  placed. 

University  of  Virginia, 
August  5,  1903. 

1  Phil.  Mag.,  September  1892. 


PHOTOGRAPHIC     OBSERVATIONS     OF     BORRELLY'S 
COMET     AND     EXPLANATION      OF     THE      PHE- 
NOMENON   OF   THE   TAIL   ON   JULY    24,     1903. 
By  E.  E.  Barnard. 

The  quick-acting  lantern  lens  (which  is  really  a  doublet  or 
portrait  combination,  is  specially  suited  for  photographing  large 
diffused  masses  of  faint  light  in  the  sky.  For  small  objects  or 
for  minute  details  it  is,  of  course,  unsuited  because  of  its  small 
scale.  This  kind  of  lens,  therefore,  has  its  limitations  as  well  as 
its  advantages.  As  an  auxiliary  to  a  larger  photographic  tele- 
scope for  the  delineation  of  such  phenomena  as  the  extent  of 
comets'  tails,  etc.,  it  is  indispensable.  The  rapidity  of  such  a 
lens  for  cometary  work  is  well  shown  in  the  photographs  made 
here  of  Borrelly's  comet  of  this  year. 

The  only  suitable  lens  available  at  the  time  for  photograph- 
ing the  comet  was  a  small  lantern  lens  of  1.6  in.  aperture  and 
6.3  in.  focus  (see  Astrophysical  Journal  for  January  1903). 
With  this  lens  attached  to  the  12-inch  equatorial  a  series  of 
photographs  was  obtained  of  the  comet.  These  were  made  with 
the  intention  of  accurately  locating  the  position  of  the  comet's 
tail. 

Mr.  R.  J.  Wallace,  of  this  Observatory,  becoming  interested 
in  the  subject,  began  an  independent  series  of  photographs  with 
the  same  lens  at  the  close  of  my  exposures,  and  thus  covered 
several  nights  on  which  other  work  prevented  my  photograph- 
ing the  comet;  for  it  was  intended  to  make  the  set  as  complete 
as  possible.  By  this  means  there  were  several  dates  on  which 
the  comet  was  being  photographed  here  from  dark  until   dawn. 

In  general  the  two  pictures  for  any  one  night  showed  no 
decided  difference  in  appearance.  On  the  night  of  July  24, 
however,  a  remarkable  change  was  shown  to  be  taking  place  in 
the  comet. 

During  the  period  of  visibility  of  this  object  with  the  naked 
eye,  it  appeared  as  a  bright  hazy  star  between   the  second  and 


1'LATE    VI. 


July  2;>,  1511  27111  —  rS1'  2™  U.M.T.  July  2a.  16*  511' —  is'1  5«*  *  ..M.I. 


July  24,  17''  50""  -  ■  ->■■    -V  hi  I  v  24,  1'4'   37"       I7f1  3411 

COMEl    1     1403  I  BGRREtLY), 


COMET  BORRELL  Y  211 

third  magnitudes.  Feeble  traces  of  the  tail  could  be  seen  with 
the  naked  eye  for  some  40.  In  a  small  telescope  this  could  be 
traced  for  even  a  less  distance.  With  every  advantage  in  its 
favor — a  close  approach  to  both  the  Earth  and  Sun ;  above  the 
horizon  all  night  at  a  high  altitude,  with  no  moonlight  to  inter- 
fere ;  and  with  a  head  as  bright  as  some  of  the  "great"  comets 
—  it  was  decidedly  disappointing  so  far  as  the  naked  eye  was 
concerned.  The  nucleus  seemed  to  be  very  inactive  in  the  pro- 
duction of  the  ordinary  phenomena  of  a  comet's  tail.  The  lan- 
tern-lens photographs,  however,  showed  that  the  comet  really 
had  a  considerable  extent  of  tail — as  much  as  170. 

As  stated,  with  the  exception  of  the  length  and  the  accurate 
location  of  the  tail,  the  small  lens  did  not  show  much  of  interest 
until  July  24,  when  a  very  remarkable  and  important  phenome- 
non took  place,  which  was  almost  unique  in  its  character.  Some 
two  or  three  degrees  back  of  the  head  the  tail  was  apparently 
broken  off  and  the  outer  portion  shifted  bodily  toward  the  direc- 
tion from  which  the  comet  was  receding  and  in  a  line  parallel 
with  the  remaining  portion  of  the  tail  —  as  if  some  force  had 
suddenly  broken  off  a  large  section  of  the  tail  and  pushed  it  to 
one  side  of  its  former  position.  Mr.  Wallace's  photograph, 
which  was  begun  at  the  close  of  mine,  shows  that  the  apparent 
separation  was  taking  place  rapidly,  as  if  the  fragment  were 
being  left  behind  by  the  comet  in  its  flight  through  space. 

This  singular  phenomenon  is  not  entirely  unique.  One  of 
the  photographs  of  Gale's  comet  of  1894  with  the  Willard  lens 
showed  a  similar,  though  not  so  pronounced,  appearance. 

A  photograph  made  on  July  25  showed  no  traces  of  this 
peculiarity,  the  tail  having  apparently  assumed  its  normal  condi- 
tion while  another  photograph  on  the  23d  had  shown  nothing 
abnormal  about  the  tail.  The  phenomenon  was,  therefore,  con- 
fined to  an  interval  of  a  few  hours  only. 

The  following  measures  were  made  of  the  photographs  of 
July  24.  "The  tail"  refers  to  the  short  tail  attached  to  the 
head,  while  "the  section"  refers  to  the  separate  portion  some 
90  long,  which  was  nearly  parallel  with  the  direction  of  the  small 
tail: 
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PLATE    I     (E.    E.    B.). 

Length  of  tail  =  2°5i'. 

Distance  from  head  to  nearest  end  of  section  =  2°I4'. 
Distance  between  the  axes  at  the  point  of  separation  =  opi2.'4. 
Width  of  tail  just  back  of  head  =  o°4'. 

PLATE    II    (r.   J.   W.). 

Length  of  tail  —  40  7 '.     It  diffuses  out  beyond  this. 
Distance  from  head  to  nearest  end  of  section  =  2 "48 '. 
Distance  between  the  axes  at  the  point  of  separation  =  o°i8'o. 
Width  of  tail  just  back  of  head,  not  so  narrow  —  more  diffused. 

Following  are  the  exposure  times  of  the  plates : 

Plate  I  Plate  II 

Begin  8h    57™  nh    59m 

End      ...  1 1     34  14     20 


Middle      -         -         -     10     15  13     14 

Interval  2h    50™ 

As  will  be  seen,  the  duration  of  exposure  was  essentially  the 
same  in  each  case. 

In  the  Bulleti?i  de  la  Socictt  Astronotnique  de  France  for  August 
is  reproduced  a  photograph  of  the  comet,  made  by  F.  Quenisset, 
of  the  Observatory  of  Nanterre,  on  July  24-25  from  23b  gm  to 
oh  9m.  The  scale  of  this  photograph  appears  to  be  5.05  times 
that  of  the  lantern  lens  —  from  measures  of  stars  on  the  two 
photographs.  Assuming  the  above  to  be  Paris  times  the  follow- 
ing are  the  Greenwich  times: 

Begin  July  24    -         -         -         -     nh   oom     G.  M.  T. 
End  -  -  -  12     00 


Middle  -         -         -         -      11     30 

As  my  exposure  was  made  at  i6h  I5m  G.  M.  T.  and  Mr. Wallace's 
at  i9h  14111,  it  will  be  seen  that  Mr.  Wallace's  photograph  was 
3h  om  dz  later  than  mine,  and  that  of  M.  Quenisset  4h  35m  earlier. 
I  have  measured  the  distance  between  the  head  of  the  comet 
and  the  nearest  end  of  the  section  on  the  Nanterre  photograph, 
and  get  ic  36'.  By  a  combination  of  the  times  of  these  photo- 
graphs, we  get  the  following  values  of  the  motion  of  separation 
of  the  section  and  the  head  : 
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Nanterre  and  first  Yerkes  Observatory,        -         -     10.' 1  hourly 
First  and  second  Yerkes  Observatory,     -         -  10.7  hourly, 

or,  taking  the  mean  of  these — assuming  the  difference  of  the 
two  results  as  accidental,  which  may  not  be  the  case  —  we  have 
10/4  for  the  mean  hourly  motion  of  separation  of  the  nearest 
end  of  the  section  and  the  head  With  this  motion  it  can  be 
shown  that  the  separation  of  this  section  of  the  tail  from  the 
nucleus  or  the  head  of  the  comet  occurred  at  2h  30™  G.  M.  T., 
July  24.  % 

With  the  aid  of  the  elements  of  the  comet's  orbit,  and  assum- 
ing that  the  direction  of  the  tail  was  coincident  with  the  pro- 
longation of  the  radius  vector — from  which  it  will  deviate  but 
little  at  most — the  hourly  rate  of  separation  was  104,000  miles, 
or  29  miles  a  second.  A  large  portion  of  this  was  due  to  the 
comet's  approach  to  the  Sun,  which  amounted  to  22  miles  a 
second.  The  remaining  7  miles  a  second  must,  hence,  be  due  to 
the  motion  of  the  tail  away  from  the  Sun,  which  therefore  is  the 
actual  velocity  of  the  particles  of  which  the  tail  is  composed. 

This  leads  one  directly  to  an  explanation  of  the  phenomenon 
observed  on  the  photographs.  The  appearance  in  question  would 
seem  to  be  due  to  a  sudden  change  in  the  direction  of  emission 
of  the  particles.  This  must  have  occurred  between  2  and  3 
o'clock,  G.  M.  T.,  on  July  24.  If  the  emission  had  suddenly 
ceased  altogether,  then  the  tail  would  recede  from  the  comet 
bodily  until  it  dissipated  in  space  or  ceased  to  be  luminous. 
Suppose,  however,  that,  instead  of  stopping,  the  direction  of 
emission  should  suddenly  be  shifted  slightly  to  one  side.  So  far 
as  the  tail  at  that  moment  was  concerned,  it  would  be  the  same 
as  if  the  emission  had  ceased  entirely  and  it  would  recede  bodily 
into  space;  but  at  the  same  moment  a  new  stream  of  particles 
would  begin  to  form  a  new  tail  in  the  new  direction,  and  we  should 
have  exactly  the  phenomenon  presented  by  the  comet  on  July  24. 
By  the  25th  the  disconnected  tail  or  stream  of  particles  would 
have  vanished  by  dissipation,  or  by  ceasing  to  be  luminous 
from  some  other  cause,  and  the  new  tail  would  have  assumed 
the  normal  appearance. 

This  theory  may  be  illustrated  by  a  jet  of  steam  issuing  from 
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a  nozzle.  If  the  nozzle  is  suddenly  slightly  changed  in  direction, 
the  old  stream  will  recede  for  a  few  moments  before  it  dissipates, 
and  a  new  one  will  follow  it  closely  in  a  slightly  different 
direction. 

That  the  particles  of  the  tail  take  a  definite  time  to  traverse 
its  length  shows  that  the  tail  may  actually  move  as  a  body — a 
stream  of  small  particles.  Should  this  moving  stream  encounter 
a  resisting  medium  of  any  kind,  the  tail  would  become  distorted 
and  brpken,  just  as  was  shown  to  have  occurred  in  the  case  of 
Brooks'  comet  in  1893.  It  is  well  known  that  swarms  and 
streams  of  meteors  exist  within  the  solar  system.  Whether  they 
are  dense  enough  to  produce  the  disturbances  shown  in  the  tails 
of  some  comets  or  not,  it  is  not  the  purpose  of  this  paper  to  say, 
but  the  explanation  seems  a  probable  one.  Or  there  may  be 
other  currents  or  sources  of  resistance  in  space  of  which  we 
know  nothing. 

There  is  one  feature  that  must  be  taken  into  account  in  con- 
sidering the  motion  of  these  particles.  Previous  to  its  free  exist- 
ence, the  particle  was  moving  toward  the  Sun  with  a  velocity  of 
twenty- two  miles  a  second — as  a  part  of  the  comet.  When  it 
became  independent  and  subject  to  the  repulsive  action  of  the 
Sun,  it  would  still  approach  until  the  repulsive  force  checked  its 
speed,  when  for  a  moment  it  would  become  stationary,  and  then 
begin  to  recede,  at  first  slowly,  and  then  with  rapidly  increasing 
velocity.  The  hourly  motion  from  the  Yerkes  Observatory  plates 
is  greater  than  that  from  the  Nanterre  and  Yerkes  Observatory 
plates.  This  would  be  in  accordance  with  the  above  idea,  except 
that  one  would  expect  a  greater  difference.  The  velocity  derived 
from  these  photographs  seems  small.  In  many  comets'  tails  the 
particles  must  move  with  a  speed  many  times  this  amount. 

An  inspection  of  Mr.  Wallace's  photograph  shows  that  the 
new  tail,  at  its  end,  is  growing  more  rapidly  than  the  motion  of 
the  section.  This  would  imply  that  some  of  the  particles  move 
with  a  much  greater  speed  than  others.  By  using  the  near  end 
of  the  section,  therefore,  which  is  the  only  available  method. 
one  would  get  the  velocity  of  only  the  more  sluggish  particles. 

Following  are  the  measures  of  the  angles  made  by  the  tail  with 
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the  direction  of  the  motion  of  the  comet ;  that  is,  they  are  the 
angles  the  tail  made  with  the  star  trails  near  the  comet's  head. 
It  is  not  possible  to  determine  this  angle  with  great  exactness, 
because  the  tail  was  seldom  perfectly  straight  when  the  photo- 
graphs were  examined  with  a  glass.  The  measures,  therefore, 
represent  the  general  direction  of  the  tail  with  reference  to  a 
tangent  to  the  apparent  direction  of  motion  of  the  comet. 

PLATES  BY  B. 


Date 

Exposure,  C  S.  T. 

AnT^of    1      Length 

Sky 

July  18 

19 

22 

23 

24 

25 

26 

29 

30 

August  16.  . .  . 

I0h24m  to  I2h    2m 
9  22,  about  20m 
9      0            II    30 
9  27         12     2 
8  57         11  34 

8  50         11          ± 

9  9 

10     5         12     5 
10  35         " 
8  34           9  30 

42° 

39 

38 

38 

40 

36 

37 

34 

13° 

13 

14 

13 

15 

12 

13 

8 

4 
,0 

Fair 

Clouds 

Clouds 

Fair 

Clouds 

Clouds 

Clouds 

Clouds 

Clouds 

Thick  sky 

Mr.  Wallace's  plates  have  been  measured  in  the  same  manner. 
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Date 

Exposure                               ^5°' 

Length 

Sky 

July  20 

22 

23 

24 

29 

9h40ra  to  I2h    5m 
12     I          14  31 
12  40         14  43 

11  59         14  29 

12  30         13  40 

40^ 
41 

38 
38 

41 

If 
15 
M 
15 

7 

Good 

Very  poor 
Clouds 

The  long  and  unjustly  neglected  stereoscope  when  applied  to 
certain  astronomical  subjects  has  become  of  great  importance  in 
recent  years.  The  combination  of  two  views  of  the  Moon,  similar 
with  respect  to  phase,  made  on  different  dates,  reveals  its  spheri- 
cal form  in  a  most  beautiful  manner.  Dr.  Max  Wolf  has  used 
this  instrument  recently  for  detecting  variable  stars  or  moving 
asteroids  on  celestial  photographs  with  great  success.  Two  photo- 
graphs of  the  same  region  of  the  sky  with  the  same  instrument 
being  properly  adjusted  for  the  instrument,  the  asteroid  or  variable 
star  will  stand  out  conspicuously  from  the  other  stars.      In  1902. 
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he  presented  to  the  Royal  Astronomical  Society  some  stereo- 
scopic views  of  Perrine's  Comet  of  that  year,  in  which  the  comet 
stood  out  in  beautiful  relief,  apparently  suspended  in  space  before 
the  observer.  These  were  exhibited  at  the  November  Meeting 
of  the  Royal  Astronomical  Society  in  1902. 

In  the  August  1903  number  of  the  Bulletin  of  the  French 
Astronomical  Society  is  published  a  stereoscopic  picture  of  the 
present  Borrelly's  Comet  made  by  F.  Quenisset  at  Nanterre, 
France,  which  when  placed  in  the  stereoscope  shows  the  comet 
in  beautiful  relief. 

Mr.  Wallace  has  combined  one  of  his  photographs  and  one  of 
mine  of  this  comet  made  on  the  night  of  July  22  for  the  stereo 
scope.  The  result  is  surprisingly  beautiful.  The  comet  appears 
to  be  suspended  in  space  between  the  observer  and  the  stars  in  a 
most  realistic  manner.  The  result  is  what  really  happens  in  space, 
but  which  cannot  be  seen  in  any  manner  except  with  the  aid  of 
the  stereoscope.  A  reproduction  of  Mr.  Wallace's  beautiful  com- 
bination is  given  here,  Plate  VII,  with  the  other  pictures  of  the 
comet,  and  when  placed  in  a  stereoscope  will  exhibit  the  comet 
in  splendid  relief. 

Following  are  descriptions  of  all  of  the  photographs  of  the 
comet  obtained  here : 

1903,  July  18  (B.). — Very  slight  curvature  of  the  tail,  convex  side  preced- 
ing. It  is  narrow  back  of  the  head  and  gradually  widens  a  little.  The  axis 
is  not  symmetrical  with  the  center  of  the  head.  There  are  indications  of  a 
thin  tail  or  fragment  of  a  tail  symmetrical  with  the  head  and  preceding  the 
main  tail. 

July  19  (B.). — Tail  faint  and  feeble  and  apparently  straight. 

July  20  (\V.).— Tail  narrow  back  of  head,  and  gradually  widens  out  con- 
siderably, symmetrical  with  axis. 

July  22  (  B.). —  Several  strands  in  tail  back  of  head,  one  of  which  is  sharply 
defined  and  thread-like  and  is  in  the  following  side  of  the  tail.  About  6" 
from  the  head  there  becomes  visible  a  faint  strip  90  long,  which  runs  parallel 
with  the  following  side  of  the  tail  and  distant  from  it  o?2.  This  seems  to 
have  no  connection  with  the  head.  Back  of  the  head  the  tail  is  not  so  narrow 
as  before. 

lulv  22  (\\\). — Three  thread-like  strands  back  of  head.  These  fade  out 
into  the  tail  farther  back.     The  faint  strip  shown  on  B.'s  plate  not  visible. 

July  23  (!».). —  Indications  of  several  strands  from  the  head  for  some 
3    to  4  .     The  tail  bulges  out  slightly,  preceding. 
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July  23  (W.). —  Shortly  after  leaving  the  head  the  tail  is  faintly  double, 
as  if  a  fainter  portion  ran  along  beside  it  following. 

July  24  (B.). — The  tail  is  very  narrow  back  of  the  head,  and  is  sharper 
on  the  following  side.  The  section  is  equally  sharp  on  both  sides  ;  the  nearer 
end  is  narrow  and  more  or  less  pointed. 

July  24  (W.). — The  main  tail  is  narrow.  Near  the  break  it  brushes  out 
somewhat  preceding.  The  section  of  tail  is  diffused  on  its  preceding  side, 
and  apparently  slightly  double  in  places;  the  following  edge  of  it  is  sharper. 

July  25  (B.). — Faint  and  straight.  No  signs  of  the  fragment  of  last  night. 
The  exposure  was  so  interrupted  by  clouds  that  the  utter  dissipation  of  this 
fragment  is  not  certain.     If  present,  it  must  have  been  extremely  faint. 

July  26  (B.). — The  tail  is  faint  and  straight,  but  is  somewhat  sinuous  3 
back  of  head,  where  it  bulges  out  slighlv,  preceding. 

July  29  (B.). —  Slightly  sinuous  about  2?2  back  of  head,  and  bulging  out 
slightly,  preceding.  The  tail  gradually  widens  out.  Its  end  is  cut  off  by 
defect  in  negative. 

July  29  (W.).—  The  tail  is  faint  and  apparently  straight.  If  continued,  it 
would  cut  through  e  Ursac  Majoris. 

July  30  (B.). —  Faint  traces  of  tail  for  3^5.  It  seems  to  be  straight,  but  is 
cut  off  by  defect  in  negative, 

August  16  (B.). — Tail  extremely  faint  clear  up  to  the  head.  It  appears 
to  be  straight. 

It  is  evident  that  the  faint  strip  of  tail  shown  on  B.'s  plate  of 
Julv  22  is  a  stream  of  particles  whose  emission  had  ceased 
or  changed  its  position  some  hours  before. 

In  Knowledge  for  August  is  a  reproduction  of  a  photograph 
of  the  comet  on  July  24,  made  by  Dr.  Roberts.  This  shows  the 
phenomenon  exhibited  on  our  plates  for  that  date.  Dr.  Roberts 
has  failed  to  give  the  time  of  this  photograph,  or  of  the  others 
reproduced  with  it,  and  hence  unfortunately  the  picture  at 
present  cannot  be  used  for  determining  the  motion  of  the  frag- 
ment. 

N'hRKKS  OUSKRVATmRY, 

August  1003. 


Minor  Contributions  and  Notes. 


AN  APPLICATION  OF  THE  CROSSLEY  REFLECTOR  OF 
THE  LICK  OBSERVATORY  TO  THE  STUDY  OF  VERY 
FAINT  SPECTRA.1 

INTRODUCTION. 

W-hile  engaged  in  photographing  the  brighter  nebulae  with  the 
Crossley  Reflector,  Professor  Keeler,  director  of  the  Lick  Observatory, 
was  surprised  at  the  relative  photographic  brightness  of  the  central 
star  in  the  Ring  Nebula  in  Lyra,  though  the  fact  had  been  previously 
remarked  by  many  observers.  This  star,  which  is  visible  only  in  the 
largest  telescopes,  was  found  to  be  brighter  photographically  than  the 
nebula  itself,  which  is  an  easy  object  in  even  a  comparatively  small 
telescope.  It  is  true  that  a  large  faint  area,  such  as  a  nebula,  is  more 
readily  seen  than  a  faint  stellar  point,  but  considering  that  the  avail- 
able telescopes  magnify  the  Ring  Nebula  several  hundredfold,  and  in 
effect  leave  the  star  unmagnified  ;  that  the  image  of  the  nebula  photo- 
graphed with  the  Crossley  Reflector  is  virtually  magnified  but  twenty- 
fold  ;  and  that  the  star  photographs  in  about  half  the  time  required  by 
the  nebula,  under  good  atmospheric  conditions  —  making  allowance 
for  the  physiological  effect  referred  to,  and  for  the  proportions  of  the 
instrument,  the  photographic  brightness  of  the  star  suggested  that  its 
spectrum  contains  an  unduly  large  proportion  of  actinic  rays.  Pro- 
fessor Keeler  also  noticed  that  the  central  star  in  the  Ring  Nebula  in 
Cygnus  (H  IV  13)  behaved  in  the  same  manner.  He  tried  to  examine 
their  spectra,  both  with  a  direct-vision  spectroscope  and  with  a  prism 
held  in  the  path  of  the  rays,  but  in  neither  case  was  the  spectrum  bright 
enough  to  be  seen.  He  therefore  decided  to  construct  a  spectrograph 
for  the  study  of  these  objects. 

Such  an  instrument,  to  preserve  and  utilize  the  enormous  advantages 
of  the  silver-on -glass  reflecting  telescope  for  work  in  the  violet  and 
ultra-violet  regions,  called  for  a  design  radically  different  from  those 
of  conventional  spectrographs.  It  would  evidently  be  difficult  for  a 
star  near  the  limits  of  vision  to  be  centered  and  kept  upon  a  narrow 
slit ;  the  method  of  guiding  by  means  of  a   reflecting   slit  would   not 

1  Lick  Observatory  HitlUtin  No.  35. 
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answer;  and  it  would  be  important  to  avoid  the  usual  losses  due  to  a 
slit.  The  instrument  as  originally  designed  consisted,  in  outline,  of  a 
50°  quartz  prism  with  circular  aperture  of  27mm,  placed  directly  in 
the  converging  beam  of  light  from  the  great  mirror,  at  a  distance  of 
15cm  inside  the  focus;  of  a  plate-holder  suitably  placed ;  and  of  a 
guiding  eyepiece  working  on  the  same  principle  as  that  employed  in 
ordinary  nebular  photography. 

Director  Keeler  had  thought  that  by  placing  the  prism  approxi- 
mately at  minimum  deviation  for  the  ray  coinciding  with  the  collima- 
tion  axis,  the  confusion  in  the  image  due  to  the  very  large  angle  of  the 
cone  of  incidental  light,  would  be  so  slight  as  not  to  interfere  with  the 
qualitative  purposes  of  the  instrument;  especially  since  the  dispersion 
would  be  small  —  only  3  mm  from  A  350  to  A 500.  It  should  be  said, 
however,  that  he  had  doubts  as  to  the  success  of  this  plan,  but  felt  that 
it  would  be  well  worth  a  trial. 

The  spectrograph  was  constructed  by  the  Observatory  instrument- 
maker.  It  was  completed  on  the  day  Professor  Keeler  left  Mount 
Hamilton  for  the  last  time,  about  a  fortnight  before  his  death. 

A  few  weeks  thereafter  Dr.  Campbell  and  1  tried  the  spectrograph, 
and  found  that  the  beam  of  light  could  not  be  brought  to  a  focus.  On 
account  of  the  approaching  opposition  of  Eros,  and  the  plans  for  com- 
pleting, if  possible,  Professor  Keeler's  program  of  photographing  the 
brighter  nebulae  during  the  following  spring,  the  instrument  was  set 
aside  until  April  1901. 

Director  Campbell  then  asked  me  to  design  such  changes  in  the 
instrument  as  would  permit  the  insertion  of  a  double  concave  quartz 
lens  immediately  in  front  of  the  prism,  to  render  parallel  the  rays 
incident  upon  the  prism,  and  of  a  double  convex  similar  lens  imme- 
diately behind  the  prism  to  receive  the  refracted  rays  and  form  the 
image  on  the  sensitive  plate.  The  lenses  were  constructed  by  the  John 
A.  Brashear  Co.,  from  constants  supplied  by  Professor  Wadsworth. 
These  additions  to  the  optical  train  necessitated  several  changes  in  the 
support  of  the  plate,  in  the  guiding  fixtures,  etc.  The  alterations  were 
completed  by  the  instrument-maker  on  June  3,  and  to  me  was  assigned 
the  duty  of  testing  its  capabilities. 

DESCRIPTION    OF    THE    APPARATUS. 

The  Crossley  Reflector  has  been  described  in  detail  by  Professor 
Keeler.1     Nothing  need  be  said  about  it  here,  except  that,  for  the  sake 

1  ASTROI'HYSICAL  JOURNAL,  II,  325,  IQOO. 


220 


MINOR  CONTRIBUTIONS  AND  NOTES 


of  completeness,  its  focal  length  is  534cm  and  its  clear  aperture  92cm, 
affording  a  ratio  of  aperture  to  length  of  1  :  5.8. 

The  general  features  of  the  spectrograph  are  shown  in  Fig.  1.  The 
tube  TT  fits  into  a  similar  tube  on  the  side  of  the  telescope,  which 
holds  it  in  position  just  as  the  plate-holder  and  guiding  apparatus  for 
ordinary  photography  are  held  in  place.  The  latter  tube  can  be  moved 
in  or  out  by  rack  and   pinion   to  focus   the  plate.     Since  it  would  be 


Fig.  1. 

difficult  to  move  the  whole  telescope  to  correct  for  any  errors  in  fol- 
lowing, the  spectrograph  is  attached  to  the  tube  TT  by  two  slides  at 
right  angles  to  each  other,  and  the  motions  of  these  slides  are  con- 
trolled by  two  screws.  In  the  drawing  only  the  declination  screw  5  is 
shown.  The  right-ascension  screw  would  occupy  a  position  in  front 
of  the  middle  of  the  apparatus,  in  the  center  of  the  drawing,  and  it  is 
therefore  omitted.  The  right-ascension  screw  has  a  coarse  double 
thread  to  enable  the  observer  quickly  to  correct  the  abormally  large 
irregularities  in  the  diurnal  motion  of  the  telescope,  to  which  Professor 
Keeler's  article  refers  at  length.     (The  sources  of  much  of  this  trouble 
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have  been  discovered  and  removed  by  Assistant  Astronomer  Perrine 
in  the  past  year  and  a  halfj  and  the  following  in  right-ascension  is 
now  much  easier  and  better.)  As  the  motion  in  declination  is  always 
small,  the  declination  screw  has  a  fine  thread. 

The  base-plate  aa>  movable  east  and  west  between  guides  by  means 
of  the  right-ascension  screw,  carries  both  the  guiding  eyepiece  Ef  GG 
and  the  supporting  framework  AB'  B"  F H K M N  of  the  spectro- 
graph proper.  This  framework  is  built  up  of  sheet  brass,  and  is  about 
42  mm  thick.  It  directly  supports  the  plate-holder  attachment  dp,  the 
finding  and  focusing  eyepiece  E,  and  the  prism-box  BL' ;  and  the 
prism  box  in  turn  supports  the  minimum  deviation  apparatus  DP. 

The  converging  beam  of  light  from  the  telescope  first  passes 
through  the  concave  lens  Z',  which  converts  it  into  a  parallel  beam  ; 
then  through  the  quartz  prism  P  ;  and  finally  through  the  convex 
quartz  lens  Z,  which  brings  it  to  a  focus  on  the  plate  /.  The  prism 
and  convex  lens  are  attached  directly  to  the  minimum  deviation  appa- 
ratus. This  consists  of  the  framework  extending  from  D  down  to  and 
around  the  prism,  turning  about  an  axis  P  near  the  center  of  the 
prism.  It  is  held  in  any  desired  position  by  the  set  screw  S'  which 
works  in  a  slot  in  the  prism-box.  A  much  larger  slot  in  the 
spectrograph  case  allows  the  screw  to  be  manipulated  when  the  appa- 
ratus is  in  place  on  the  telescope.  The  convex  lens  should  not, 
theoretically,  be  attached  to  the  minimum  deviation  apparatus,  but  it 
was  the  only  support  available  for  it  unless  extensive  changes  were 
made  in  the  design.  However,  it  was  set  with  the  prism  in  an  approxi- 
mately correct  position,  so  that  its  axis  of  collimation  is  nearly 
perfect. 

The  concave  lens  L'  is  attached  directly  to  the  prism-box.  The 
plate-holder  attachment  bp  can  be  moved  toward  or  away  from  the 
convex  lens  in  order  to  bring  the  plate  into  focus.  It  is  held  in  any 
position  by  four  set  screws  s\  two  on  either  side.  These  screws  work 
in  slots  in  the  spectrograph  case.  The  prism-box  moves  about  the 
tube  C  as  an  axis,  so  that  the  lenses  and  prism  can  be  moved  far 
enough  to  the  right  to  allow  the  light  from  a  star  to  pass  without 
obstruction  into  the  focusing  eyepiece  E.  It  is  held  in  position  by 
the  set  screw  S,  working  in  a  slot  in  the  spectrograph  case. 

The  eyepiece  E  serves  to  identify  the  object  under  investigation, 
to  set  the  telescope  so  that  the  spectrum  will  fall  on  the  center  of  the 
plate,  and  finally  to  focus  the  spectrograph.  The  eyepiece  can  be 
moved  in  or  out,  and  its  position   be  read  off  on  the  accompanying 
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small  scale.  It  is  held  at  any  desired  reading  by  a  set  screw  (not 
shown  in  the  drawing).  It  is  so  adjusted  that  when  the  spectrum  has 
by  trial  been  focused  on  the  plate,  the  object  itself  will  be  in  focus  in 
the  eyepiece  if  the  prism -box  be  moved  aside.  The  cross- wires  in  the 
eyepiece  are  illuminated  by  a  small  electric  lamp  placed  outside  the 
spectrograph  case.  It  shines  through  the  tube  C,  about  which  the 
prism-box  turns. 

The  guiding  eyepiece  E'  is  connected  with  the  staging  through 
two  slides  working  at  right  angles  to  each  other,  similar  to  the  two 
main  slides  carrying  the  entire  spectrograph.  When  the  star  under 
observation  has  been  brought  to  the  intersection  of  the  cross-wires  in 
the  focusing  eyepiece  E,  the  eyepiece  Ef  can  be  moved  over  an  area 
15'  X  45'  in  search  of  a  suitable  guiding  star.  When  such  star  is 
found,  the  eyepiece  is  clamped  to  its  staging,  with  the  star  on  the 
intersection  of  the  cross-wires.  Since  this  staging  is  rigidly  attached 
to  the  plate  aa  carrying  the  spectrograph,  the  spectrum  will  remain  in 
correct  position  so  long  as  the  guiding  star  is  kept  on  the  cross-wires. 
The  lamp  for  the  guiding  eyepiece  is  shown  just  below  E' .  The 
electric  light  used  for  illuminating  the  wires  in  both  eyepieces  is  first 
passed  through  red  glass,  to  guard  against  fogging  the  sensitive  plate. 

ADJUSTMENTS  AND  METHOD  OF  OBSERVATION. 

The  first  adjustment  consists  in  bringing  the  plate  to  the  focus  of 
the  convex  lens,  and  this  is  done  before  prism  and  concave  lens  are 
mounted.  A  positive  eyepiece  is  fitted  in  the  place  for  the  plate- 
holder,  and  is  so  adjusted  that  its  focus  will  be  in  the  plane  of  the 
plate.  The  instrument  is  then  turned  to  a  distant  object  and  focused 
by  shifting  the  plate-box  into  position,  whereupon  the  box  is  clamped. 
In  this  adjustment  it  is  necessary  to  use  blue  glass  between  the  eye 
and  eyepiece,  as  the  convex  lens  by  itself  is  not  achromatic.  When 
the  adjustment  is  made  in  this  manner,  the  blue  light  is  the  only  light 
which  will  pass  through  the  prism  in  a  parallel  beam,  but  the  angles  of 
the  cones  of  the  other  colors  will  be  too  small  to  do  harm. 

After  the  prism  and  concave  lens  have  been  inserted,  the  focusing 
eyepiece  and  minimum  deviation  apparatus  are  adjusted.  For  this 
purpose  the  telescope  is  turned  to  a  bright  star;  and  using  the  eyepiece 
employed  in  focusing  the  convex  lens,  the  prism  is  set  at  minimum 
deviation  by  shifting  the  deviation  apparatus  in  the  usual  manner,  and 
clamping  it  in  the  correct  position. 

The  eyepiece  E  is  focused  best  by  a  modification   of  Hartmann's 
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method.  In  this  case,  a  rectangular  diaphragm  is  placed  over  the 
center  of  the  concave  lens  with  its  longer  dimension  at  right  angles  to 
the  edges  of  the  prism.  When  the  instrument  is  out  of  focus  we  shall 
see  two  parallel  lines,  each  the  continuous  spectrum  of  the  star.  The 
instrument  is  now  focused  approximately  by  means  of  the  eyepiece, 
after  which  the  prism  is  turned  to  the  side  and  the  eyepiece  E  is 
focused.  The  reading  of  the  scale  on  this  eyepiece  gives  approxi- 
mately the  correct  position  of  the  eyepiece.  To  find  the  accurate 
position  of  the  focus,  we  use  Hartmann's  method  of  taking  two  photo- 
graphs of  the  spectrum,  one  considerably  inside  focus,  and  the  other 
considerably  outside,  measuring  the  distance  between  each  pair  of 
images,  and  from  these  data  interpolating  the  true  position.  In  this 
case  we  set  the  focusing  eyepiece  to  read,  first,  one  or  two  millimeters 
less  than  the  approximately  correct  reading,  and  then  one  or  two 
millimeters  more  than  its  correct  reading.  After  each  setting  the 
whole  spectrograph  is  moved  until  the  star  is  in  focus  in  this  eyepiece, 
then  the  prism  is  turned  into  position  and  a  short  exposure  is  made. 
During  the  exposure  it  is  necessary  to  guide  very  carefully,  as  any 
error  in  guiding  tends  to  widen  the  two  spectra.  After  determining 
the  correct  focus  from  the  two  plates  thus  obtained,  the  eyepiece  is  set 
in  the  computed  position  and  clamped.  The  spectrum  then  and 
thereafter  is  focused  merely  by  moving  the  spectrograph  in  or  out  until 
the  object  is  in  the  focus  of  the  eyepiece. 

When  the  object  to  be  photographed  has  been  brought  to  the 
center  of  the  field  of  view,  the  instrument  is  focused  and  a  guiding 
star  found.  This  should  be  of  about  the  eighth  magnitude,  though  a 
fainter  one  can  be  used  if  necessary.  It  is  unavoidably  situated  so  far 
from  the  axis  of  collimation  that  its  image  is  always  very  much  dis- 
torted. The  shape  of  the  image  can  be  altered  by  moving  the  guiding 
eyepiece  in  or  out.  For  some  reason,  the  focus  of  the  telescope 
changes  during  a  long  exposure,  and  by  noting  any  alteration  in  the 
form  of  the  star  image  a  change  in  the  focus  can  be  detected.  By 
using  a  form  of  image  which  is  sensitive  to  slight  changes,  we  have  a 
very  accurate  method  of  adjusting  the  focus  in  the  progress  of  the 
exposure.  After  adjusting  the  guiding  eyepiece,  the  optical  train  is 
turned  into  position  and  the  exposure  begun. 

In  observing  some  of  the  stellar  nebulae  whose  positions  are  not 
accurately  assigned,  difficulty  is  often  encountered  in  identifying  the 
objects.  If  they  are  brighter  than  the  eleventh  magnitude,  they  can 
usually  be  identified  by  their  green  color;   but  when  they  are  fainter 
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than  this,  recourse  must  be  had  to  their  spectra.  Nearly  all  of  their 
visual  rays  are  concentrated  in  the  two  green  nebular  lines,  which  are 
so  close  together  in  this  instrument  that  they  cannot  be  resolved.  The 
result  is  that  their  spectra  appear  simply  as  dots,  while  a  star  with  its 
continuous  spectra  appears  as  a  line. 

The  length  of  exposure  depends  entirely  on  the  brightness  of  the 
lines.  Usually  the  extreme  ultra-violet  lines  require  much  longer 
exposure  than  the  others,  though  there  are  a  few  cases  in  which  they 
record  themselves  as  quickly  as  some  of  the  lines  in  the  lower  part  of 
the  hydrogen  series  of  the  same  spectra.  The  faintest  continuous 
spectrum  photographed  was  that  of  a  fifteenth-magnitude  star,  with  an 
exposure  of  four  hours.  The  spectrum  was  not  intense,  but  it  was 
abundantly  strong  for  purposes  of  interpretation. 

As  there  is  no  slit,  sky  light  and  moon  light  exert  their  full  effects 
on  the  plate,  and  it  is  therefore  not  possible  to  photograph  a  faint 
object  on  a  moonlight  night.  Several  photographs  of  fairly  bright 
objects  have,  however,  been  obtained  within  three  or  four  days  of  full 
moon,  without  serious  injury  to  the  spectrum. 

The  plates  were  measured  on  a  Zeiss  comparator.  With  this  it  is 
possible  to  measure  to  o.i/x;  but  as  only  rough  determinations  of 
wave-lengths  could  be  obtained  with  such  a  small  dispersion,  they  were 
measured  to  i/x  only.  Even  this  is  accurate  enough  to  determine  the 
wave-lengths  by  computation  to  one  Angstrom  unit,  but  the  probable 
errors  were  so  great  that  the  results  were  taken  merely  to  the  nearest 
/x/x.  To  determine  the  wave-lengths  of  unknown  lines,  a  dispersion 
curve  was  first  constructed.  This  curve  was  based  upon  the  measure 
of  known  lines  on  several  plates,  after  combining  them  by  the  method 
of  least  squares,  using  the  Cornu-Hartmann  formula.  It  was  found 
that  the  least  square  determination  was  unnecessary,  as  the  corrections 
which  it  gave  were  practically  zero.  This  curve  was  plotted  on  such  a 
scale  that  the  measures  could  be  laid  off  to  o.oimm,  and  the  wave- 
lengths read  at  a  glance  to  i  /x/x. 

In  working  with  a  spectrograph  of  this  kind,  where  no  comparison 
spectrum  is  possible,  all  the  measures  must  refer  to  some  known  line 
or  lines.  The  interpretation  of  unique  and  unknown  types  of  spectra 
would  have  to  depend  upon  a  comparison  of  the  positions  of  the  object 
and  surrounding  stars  with  the  relative  positions  of  the  unknown  spec- 
tral features  and  surrounding  spectra  on  the  same  plate.  Fortunately, 
in  the  spectra  photographed  thus  far  with  this  instrument,  many  feat- 
ures could  always  be  identified;  and  I  have  in  every  case  used  the 
bright  Hy  line  as  the  point  of  reference  and  departure. 
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OBSERVATIONS. 

As  soon  as  the  spectrograph  was  completed  and  adjusted,  photo- 
graphs were  taken  of  the  spectra  of  various  objects  to  find  out  for  what 
work  an  instrument  of  this  kind  is  best  adapted  ;  and  to  determine  its 
limitations.  It  is  evident  that,  because  of  the  small  dispersion,  it 
cannot  as  a  rule  be  used  to  advantage  on  dark-line  spectra,  but  some 
stars  have  been  photographed  with  dark  bands  broad  enough  to  show. 
This  limits  it  very  largely  to  bright-line  spectra,  though  it  has  great 
value  for  determining  the  nature  of  very  faint  spectra  of  all  kinds. 
Moreover,  since  there  is  no  slit,  the  object  must  not  be  so  large  that 
the  various  monochromatic  images  will  overlap  too  much,  and  this 
condition  confines  the  field  to  objects  no  larger  than  planetary  nebulae. 

Large  numbers  of  objects  having  various  spectral  types  promised 
to  yield  valuable  results;  but,  on  account  of  the  limited  time  at  my 
command,  my  program  was  confined,  with  the  director's  approval,  to 
comparatively  few  objects.     These  included  : 

a)  Such  planetary  nebulae  as  were  in  observing  position,  both  for 
purposes  of  comparison  with  results  reached  by  observers  using  other 
instruments,  and  in  the  hope  of  discovering  new  features  in  the  ultra- 
violet region.  It  was  not  expected  that  results  already  obtained  in  the 
Mi-HP  region  of  bright  objects,  by  observers  using  large  telescopes 
and  powerful  spectroscopes,  would  be  surpassed  or  even  equaled,  on 
account  of  the  feeble  dispersion  of  this  instrument. 

b)  Such  new  stars  as  were  in  observing  position. 

c)  The  central  star  in  the  Ring  Nebula  in  Lyra,  and  other  similar 
stars  and  stellar  nuclei. 

d)  A  few  Wolf-Kayet  stars. 

After  the  most  of  my  observations  were  made,  Professor  Pickering 
suggested  that  the  long-period  variables  be  observed,  to  determine  just 
when  the  bright  hydrogen  lines  disappear;  but  lack  of  time  prevented 
me  from  doing  so. 

An  interesting  series  of  observations  somewhat  similar  to  mine  was 
made  by  von  Gothard  in  1892  {Astronomy  and  Astro- Physics,  1893,  p.  51). 
His  program  included  seven  of  the  brightest  planetary  nebulae,  the 
Ring  Nebula  in  Lyra,  and  Nova  Aurigac  after  its  reappearance.  His 
telescope  was  a  small  reflector,  the  scale  of  his  photographs  was  about 
the  same  as  mine,  and  his  results  for  the  brighter  nebulae  in  the  region 
//J7-A5007  agree  well  with  mine.  Some  of  his  nebulae,  however,  were 
too  large  for  the  Crossley  instrument. 

Altogether,  twenty-one  nebular  spectra  were  photographed  by  me 
between  June  and  September   1901.     After  my  departure,    Mr.  Joel 
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Stebbins,  Fellow  in  the  Lick  Observatory,  kindly  secured  for  me  with 
the  same  instrument  some  very  good  spectrograms  of  Nova  Aurigae, 
Nova  Per  set,  and  a  Wolf-Rayet  star. 

The  general  character  of  the  different  spectra  is  shown  in  Fig.  2. 
The  scale  of  the  original   negatives  was  too  small  to  permit  photo- 
graphic   enlargements 
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to  a  convenient  size  to 
be  made,  and  they  have 
been  enlarged  by  draw- 
ing them  to  a  scale  of 
one  inch  to  the  milli- 
meter. In  the  drawing, 
the  edges  of  the  disks 
appear  much  sharper 
than  on  the  original 
negative. 

It  will  be  noticed 
that  in  general  the  in- 
tensity of  the  continu- 
ous spectrum  of  the 
nebulae  has  a  minimum 
between  NB  and  Hy. 
This  fact  is  confirmed 
Wijf&ytf  fkH3  by  nearly  all  the  nega- 
tives, and  is  too  gen- 
eral a  characteristic  to 
be*  passed  without  no- 
tice. It  seemed  hardly 
possible  that  the  spec- 
trum of  the  nucleus. 
to  which  it  was  supposed  that  this  belonged,  should  have  an  absorption 
band  at  this  place,  and  another  explanation  was  sought.  This  was 
found  by  plotting  Dr.  Campbell's  observations  of  G.C.  4390  on  the 
same  scale,  and  comparing  the  result  with  the  spectra  obtained  with 
the  slitless  spectrograph.  His  observations  were  made  with  a  large 
spectroscope  attached  to  the  36- inch  refractor.  A  glance  at  the  spec- 
trum marked  G.C.  4390  (Campbell)  will  show  that  he  found  the  bright 
lines  much  fewer  in  the  region  where  the  continuous  spectrum  is  weak 
in  the  spectrograms  taken  with  the  small  instrument.  His  observations 
of  N.G.C.  7027  give  the  same  results.     From  this  it  seems  safe  to  infer 
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that  the  apparently  greater  relative  strength  of  my  spectrograms  in  the 
Hy-H$  region  is  largely  due  to  the  presence  of  many  faint  overlap- 
ping bright  lines,  whereas,  in  the  region  Hh-Hy  fewer  bright  lines 
exist.  A  further  support  of  this  theory  is  afforded  by  nebulae  N.G.C. 
6826,  and  N.G.C.  6891,  each  of  which  has  a  stellar  nucleus.  In  each 
case  the  spectrum  of  the  nucleus  has  an  almost  uniform  intensity 
throughout  its  entire  extent. 

A  simple  inspection  of  Fig.  2  will  show  one  of  the  marked  advan- 
tages of  the  reflector  and  quartz  prism  and  lenses  over  the  large 
refractor  and  glass  optical  train,  in  spectrum  observations.  Even  in 
the  favorable  nebula  G.C.  4390,  Campbell's  results  stop  at  //£,  whereas 
the  slitless  spectrograph  record  extends  to  about  A  337. 

NEBULA    N.G.C.  62  10. 

This  is  described  as  very  bright  in  Dreyer's  Neiv  General  Catalogue. 
Three  photographs  were  taken  with  exposures  of  i  minute,  5  minutes, 
and  30  minutes,  respectively.  The  last  is  the  best,  the  others  being 
underexposed.  The  images  are  rather  large,  as  the  nebula  is  not 
stellar,  but  most  of  them  are  pretty  distinct.  The  continuous  spectrum 
seems  to  be  of  the  kind  made  up  largely  of  overlapping  bright  lines, 
with  its  maximum  intensity  in  the  neighborhood  of  Hh.  The  follow- 
ing bright  lines  were  found  :  principal  nebular  (  — A  501 -(-A. 496),  ///?, 
Hy,  Hh,  77c,  A386  and  A  373. 

X.G.C.   6439. 

This  is  a  stellar  nebula  rated  at  thirteenth  magnitude  in  the  N.G.C. 
Satisfactory  plates  could  not  be  obtained  because  there  is  a  pretty 
bright  star  about  2'  due  north  of  it,  and  the  nebular  spectrum  appears 
to  overlap  the  stellar  spectrum.  Three  plates  were  made,  the  first  with 
1  hour  and  the  other  two  with  2  hours'  exposure.  The  principal  nebular 
lines,  Hfi,  Hy,  and  Ht>,  are  shown,  though  the  last  two  are  faint. 

N.G.c.  6537. 
This  is  a  stellar  nebula,  and  the  images  are  small.    Two  plates  were 
taken,  with  exposures  of    1  and    1  V±    hours,  respectively,  but   both  are 
underexposed.     The  latter   shows   the    following   lines:    nebular,///?, 
A 466,  Hyy  Hh,  Ht>.     There  is  no  continuous  spectrum  recorded. 

n.g.c.  6543. 
This  is  a  planetary  nebula,  inaiked  "v  B,  p  S"  in  the  N.G.C.     It 
has  a  diameter  of  about  half  a  minute  of  arc,  which  is   as  large  as  can 
t>e   photographed   to    advantage   with    this   instrument.      Two   photo- 
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graphs  of  it  were  taken,  with  exposures  of  15  minutes  and  40  minutes, 
respectively.  The  former  is  the  better  of  the  two.  The  lines  are  very 
little  brighter  than  the  continuous  spectrum ;  and  being  large  they 
could  not  be  measured  accurately.  Those  identified  were :  nebular, 
+  Hfi,  fly,  and  A 373.  Between  Hy  and  Hp  the  continuous  spectrum 
is  narrow,  whereas  beyond  Hy  it  is  almost  as  wide  as  the  nebula,  as 
though  above  Hy  it  were  composed  of  overlapping  bright  lines.  On 
a  nebula  as  large  as  this  one,  it  would  take  very  few  lines  to  cause  such 
an  appearance,  the  hydrogen  series  alone  being  practically  sufficient. 
This  continuous  spectrum  also  extends  above  A, 373  to  A 336  as  bright 
as  it  is  below  A 373.  It  would  seem  that  there  must  be  other  lines 
present  in  that  region. 

x.g.c.  6567. 

This  is  a  stellar  nebula  of  the  eleventh  magnitude.  But  one  pho- 
tograph was  obtained,  with  ah  exposure  of  1  hour  30  minutes.  The 
images  are  quite  small,  though  not  small  enough  to  show  the  Hfi  line 
separated  from  the  nebular  lines.  It  contains  the  following  lines: 
nebula,  +  Hp,  Hy,  Hh,  He,  H£,  and  A373. 

The  continuous  spectrum  recorded  is  of  the  type  described  above 
as  probably  due  largely  to  overlapping  bright  lines.  Between  Hy  and 
HS  it  is  faint,  and  between  Ht,  and  A373  it  is  almost  invisible,  but 
everywhere  else  it  is  bright. 

g.c.  439°- 
The  spectrum  of  this  nebula  is  shown  in  Fig.  2,  as  well  as  the  spec- 
trum obtained  by  Dr.  Campbell,  reduced  to  the  scale  of  these  spectro- 
grams. The  nebula  is  nearly  stellar,  described  as  "v  B."  Two  pho- 
tographs were  obtained,  with  exposures  of  10  and*  15  minutes,  respect- 
ively.    The  former  is  the  better,  although  both  are  good. 

.v.g.c.  6741. 
This  spectrum  is  also  shown  in  Fig.  2.  It  is  a  stellar  nebula,  but  an 
exposure  of  three  hours  was  able  to  bring  out  a  continuous  spectrum 
only  from  H/3  to  //yand  from  He  to  HX  Another  exposure  of  one 
hour  failed  to  show  any  continuous  spectrum.  A  new  nebular  line  is 
strongly  suspected  at  A 345,  but  it  is  not  absolutely  certain. 

jv.g.c.  6790. 
This  is   a  stellar  nebula  of  the  9.5  magnitude;  and  as  it  has  been 
observed   by  Campbell  with   a  larger  spectroscope,  little  need   be  said 
about  it  here.     Three  photographs  of  20  minutes',  1  hour's,  and  3  hours* 
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exposure,  respectively,  were  obtained.  The  first  two  show  no  contin- 
uous spectrum,  but  the  third  records  one  with  a  gap  between  Hy  and 
and  Hh.  This  spectrum  is  illustrated  in  Fig.  2.  The  continuous 
spectrum  above  A. 3 73  seems  to  be  fluted,  with  condensation  at  AA  363, 
356,  and  352,  but  they  are  very  faint  and  their  existence  is  doubtful. 

x.g.c.  6803. 
This  is  a  stellar  nebula  showing  only  a  very  faint  continuous  spec- 
trum. Two  photographs  were  obtained,  one  with  an  exposure  of  1 
hour,  and  the  other  with  2  hours  30  minutes.  The  latter  shows  just 
the  faintest  trace  of  a  continuous  spectrum  from  Hp  to  Hy,  and  from 
778  to  a  little  way  beyond  A373.  The  bright  lines  which  were  identified 
are  :  nebular,  Hp,  A468,  A.446,  Hy,  H8,He,  H£,  A373,  and  perhaps 
one  at  A365,  though  the  existence  of  the  last  is  very  doubtful. 

jv.c.c.  680 7t 
This  is  a  stellar  nebula  without  the  slightest  trace  of  a  continuous 
spectrum.     Three  photographs  were  obtained,  with  exposures  of  45 
minutes,  57  minutes,  and  3  hours,  respectively.     They  contain:  nebu- 
lar, HP,  Hy  Hh,  He,  and  Hi  lines. 

N.G.C.   68l8. 

This  is  a  nebula  described  in  the  N.G.C,  as  "B,  v  S,"  but  is  never- 
theless almost  too  large  for  this  kind  of  work.  Two  photographs  were 
obtained,  with  exposures  of  10  minutes  and  32  minutes,  respectively. 
The  former  is  underexposed.  The  spectrum  consists  of  a  pretty  strong 
continuous  spectrum  extending  out  to  A 37 2,  with  the  following  bright 
lines  :  nebular,  HP,  Hy,  H8,  A 375  and  A 372. 

N.G.C.   6826. 

This  is  described  as  "B,  pL"  in  the  N.G.C  The  nebula  is  rather 
large,  and  contains  a  bright  stellar  nucleus  which  gives  a  continuous 
spectrum.  A  drawing  of  the  spectrum  is  given  in  Fig.  2.  Two  pho- 
tographs were  obtained,  with  exposures  of  15  minutes  and  1  hour, 
respectively.  The  former  is  the  better,  though  in  both  the  spectrum 
of  the  nucleus  is  overexposed.  The  lines  are  probably:  nebular,  HP, 
Hy,  H£,  and  A373.     The  continuous  spectrum  extends  to  A 333. 

N.G.C.    6S33. 

This  is  one  of  the  finest  stellar  nebulre.  It  is  the  only  case  in  which 
H f$  was  suspected  visually,  the  image  seen  in  this  case  being  somewhat 
elongated.     On  the  plate  it  is  distinctly  separated   from   the  nebulaf 
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lines.  But  one  plate  was  taken,  with  an  exposure  of  i  hour  55  min- 
utes. It  contains  the  following  lines:  nebular,  lift,  X446,  Hy,  Hh, 
He,  H£}  and  X373.  The  continuous  spectrum  extends  to  X  348,  with 
a  slight  minimum  of  intensity  between  Hy  and  Ht.  The  variation  in 
the  brightness  of  the  continuous  spectrum  is  less  noticeable  in  this 
case  than  in  most  of  the  others. 

n.g.c.  6881. 

This  is  a  stellar  nebula,  with  spectrum  quite  different  from  most  of 
the  others.  Two  photographs  were  taken,  with  exposures  of  2  hours  and 
3  hours,  respectively,  and  they  show  only:  nebular,  +  Hfit  X468,  Hy, 
XX422  and  388.  There  is  a  continuous  spectrum  from  about  X450  to 
X360,  which  seems  to  be  fluted  between  the  X422  and  X 388  lines.  Still, 
the  spectrum  is  too  faint  to  allow  us  to  decide.  An  exposure  of  at 
least  four  hours  would  be  necessary  to  make  sure  of  this  point,  and 
opportunity  to  secure  it  did  not  offer. 

n.g.c.  6884. 

This  is  a  typical  stellar  nebula.  The  one  photograph  secured  with 
exposure  of  1  hour  shows  the  following  lines :  nebular,  H/2,  X467,  Hy, 
H$,  He,  H£,  and  X376.  There  is  a  continuous  spectrum  from  Hp  to 
Hy,  and  from  He  to  X  348. 

n.g.c.  6886. 

This  is  a  fine  stellar  nebula.  But  one  photograph  was  obtained, 
with  an  exposure  of  1  hour.  It  is  an  excellent  one,  and  shows  the 
images  round  and  small.  A  drawing  of  it  is  given  in  Fig.  2.  This 
was  the  first  nebula  in  which  the  new  line  X345  was  noticed.  There  is 
no  trace  of  a  continuous  spectrum. 

ng.c.  6891. 

This  is  a  planetary  nebula  with  a  stellar  nucleus.     One  photograph 

was  taken  with  an  exposure  of  30  minutes.     A  drawing  of  it  is  given 

in  Fig.  2. 

n.g.c.  6905. 

This  is  described  as  "!  !,  B,  p  S  "  in  the  N.G.C.  It  is  simply  a 
patch  of  nebulous  matter,  shading  off  gradually  toward  the  edges. 
One  photograph  was  taken  with  an  exposure  of  1  hour,  which  gives 
onlv  one  image  of  the  nebula,  due,  probably,  to  the  principal  nebular 
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N.G.C.    7009. 

This  is  described  as  "!!!,vB"  in  the  N.G.C.  For  so  small  a 
nebula  it  shows  a  great  deal  of  structure.  Three  photographs  were 
taken,  with  exposures  of  5  minutes,  10  minutes,  and  20  minutes, 
respectively.  They  record  the  nebular,  Bpt  By,  Bh,  and  H£  lines, 
as  well  as  a  continuous  spectrum  belonging  to  the  center  of  the  nebula. 
This  continuous  spectrum  extends  out  to  A.  345.  At  the  B8  line  it 
widens  out  to  the  width  of  the  nebula,  as  though  from  there  out  to  the 
ultra-violet  the  whole  nebula  gives  out  faint  continuous  light,  or  that 
there  are  several  overlapping  faint  lines. 

n.g.c.  7027. 

This  is  the  brightest  of  the  stellar  nebulae  photographed,  being 
given  as  8.5  magnitude  in  the  N.G.C.  Two  photographs  were  taken, 
with  exposures  of  15  minutes  and  30  minutes,  respectively.  The  latter 
is  the  better  of  the  two,  although  the  nebular  lines  are  so  overexposed 
as  completely  to  cover  Bf$.  In  this  nebula  the  A  345  line  is  as  bright 
as  Bh.  There  seems  to  be  a  very  faint  line  at  A  337.  It  is  very  faint, 
but  its  existence  is  scarcely  doubtful.  The  continuous  spectrum  has  a 
minimum  between  By  and  Bt,  but  it  does  not  extend  quite  so  far  as 
the  A.  345  line. 

n.g.c.  7354. 

This  is  described  as  "B  S"  in  the  N.G.C.  One  photograph  was 
taken  with  an  exposure  of  2  hours,  which  shows  simply  a  single  fairly 
bright  image  of  the  nebula,  due  to  the  nebular  lines,  and  an  exceed- 
ingly faint  continuous  spectrum. 

NOVA  PERSE  I. 

Several  plates  of  Nova  Per sei  were  taken  from  September  1 901,  to 
March  1902,  but  the  best  plate  was  secured  for  me  by  Mr.  Stebbins  on 
October  14,  with  an  exposure  of  30  seconds.  A  drawing  of  this  is 
given  in  Fig.  2.  A  note  on  this  spectrum  has  been  published  by  Mr. 
Stebbins  in  Lick  Observatory  Bulletin  No.  8.  In  general  the  spectrum 
is  like  that  of  the  stellar  nebulae,  but  resembling  that  of  N.G.C.  7027 
most  strongly.  The  main  difference  between  them  is  that  in  Nova 
Persei  the  brightest  lines  are  in  the  ultra-violet,  the  green  nebular  lines 
being  faint.  The  line  suspected  in  N.G.C.  7027  at  A  337  is  present 
here,  to  add  to  the  similarity;  and  the  line  at  A  345  discovered  by  me 
in  N.G.C.  6741  and  N.G.C.  6886  is  an  exceedingly  strong  line  in 
Nova  Persei.  The  continuous  spectrum  also  ends  at  about  the  same 
place  in  N.G.C.  7027  and  the  Nova. 
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NOVA  AURIGAE. 

Three  photographs  of  this  star  were  taken  for  my  use,  at  the  direc- 
tor's request,  by  Mr.  Stebbins  on  September  12  and  13,  1901,  with 
exposures  of  30  minutes,  1  hour  30  minutes,  and  3  hours  20  minutes, 
respectively.  The  last  is  the  best,  and  is  shown  in  Fig.  2.  The  visual 
magnitude  of  the  star  was  about  13.  Von  Gothard'  observed  this 
with  his  objective  prism  on  September  15,  1892,  when  its  magnitude 
was  10.5.  His  observations  are  the  best  to  compare  with  mine,  because 
his  dispersion  was  almost  the  same  as  mine.  He  found  seven  lines  in 
this  part  of  the  spectrum,  and  a  rather  faint  continuous  spectrum,  with 
a  maximum  brightness  in  the  neighborhood  of  He.  Our  plate  made 
nine  years  later  shows  four  lines  on  a  nearly  uniform  background 
of  continuous  spectrum  almost  as  bright  as  the  lines  themselves. 
Plainly  the  bright  lines  are  growing  relatively  weaker. 

nova  cygni  1876. 
One  photograph  was  obtained  on  August  12,  1901,  with  an  exposure 
of  four  hours.  This  showed  that  the  spectrum  has  become  contin- 
uous. At  that  time  the  Nova  was  estimated  at  about  the  fifteenth 
magnitude,  yet  the  spectrum  is  very  distinct.  The  plate  records 
spectra  of  several  stars  as  faint  as  fifteenth  visual  magnitude.  The 
last  published  observation  of  this  star  was  by  Copeland  and  Lohse 
(Copernicus,  II,  105)  in  1881.  At  that  time  they  surmised  that  the 
spectrum  had  become  continuous,  because  they  could  see  nothing  of 
it,  whereas,  had  it  been  a  bright-line  spectrum,  they  thought  it  should 
have  been  visible. 

ll'OLF-RAYET,  NO.  43. 
0=  i9h  30.9111,  5  =  +30°  19'. 

Mr.  Stebbins  took  two  photographs  of  this  star,  with  exposures  of 
15  minutes  and  60  minutes,  respectively.  The  spectrum  is  shown  in 
Fig.  2.  The  most  noticeable  difference  between  this  and  the  nebula 
is  the  absence  of  the  nebular  lines.     The  continuous  spectrum  is  nearly 

uniform. 

RING    NEBULA    IN    LYRA. 

As  the  central  star  in  this  nebula  was  the  principal  object  in  mind 
when  Professor  Keeler  designed  the  spectrograph,  it  was  one  of  the 
first  objects  observed  after  the  instrument  was  completed  and  adjusted. 
Three  plates  were  taken  of  it,  two  with  exposures  of  30  minutes,  and 
one  with  2   hours;  but  the  results  obtained  for  the  star  were  mostly 

1  Publications  A.  S.  P.,  1 893,  152. 
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negative.  The  rings  are  so  large  that  they  overlap,  and  only  the  two 
brightest  images  can  be  distinguished — those  due  to  the  nebular  lines 
+  ///?,  and  to  A  373.  The  hydrogen  lines  are  probably  present,  as  the 
whole  region  between  these  images  is  darkened,  probably  by  the  over- 
lapping images.  The  peculiar  thing  about  it  is  that  the  A.  373  line  is 
so  much  brighter  than  all  of  the  others.  Von  Gothard  also  noticed 
this  fact.  His  instrument  was  better  adapted  to  this  object  than  the 
Crossley  Reflector  is,  because,  having  a  shorter  focal  length,  the  rings 
were  smaller;  but  having  the  same  dispersion,  their  centers  were  just 
as  far  apart  and  consequently  did  not  overlap  so  much.  The  only 
trace  of  the  central  star  on  these  photographs  is  an  extremely  faint 
line,  present  on  all  three,  extending  from  the  violet  edge  of  the 
green  nebular  ring  to  the  red  edge  of  the  A.  373  ring.  This  line  is 
too  faint  to  be  seen,  except  with  the  unaided  eye.  The  two-hour 
exposure  shows  a  dot  near  the  middle  of  the  A373  ring,  but  if  this 
is  due  to  the  central  star  the  image  is  a  little  more  refrangible  than 
A  373.  This  dot  is  also  present  in  the  30-minute  exposure,  though 
it  is  so  faint  that  its  presence  would  not  be  suspected  had  it  not  been 
first  noticed  in  the  long  exposure. 

From  the  fact  that  the  spectrum  of  the  central  star  is  not  con- 
spicuous on  these  plates,  it  seems  probable  that  it  is  almost  wholly 
continuous,  with  perhaps  a  bright  line  near  A  373.  The  photographs 
taken  by  Professor  Keeler  showed  that  photographically  the  star  is 
brighter  than  the  nebula;  and  the  theory  that  its  light  is  spread  out 
into  a  band,  while  the  light  of  the  nebula  is  concentrated  in  a  few 
bright  lines,  seems  to  be  the  only  one  which  explains  the  observed 
phenomena. 

CONCLUSIONS. 

One  of  the  principal  purposes  of  this  investigation  was  to  deter- 
mine the  efficiency  of  the  slitless  quartz  spectrograph  attached  to  the 
Crossley  Reflector,  for  the  photography  of  very  faint  spectra.  Its 
power  in  this  respect  is  surprisingly  great.  It  is  well  illustrated  in  the 
case  of  Nova  Cygni.  The  visual  magnitude  of  this  star  was  estimated 
by  Professor  Barnard  in  1901  to  be  15.6.  My  four-hour  exposure, 
with  fair  following  and  focus,  recorded  its  continuous  spectrum  in 
good  strength,  well  up  into  the  ultra-violet.  The  character  of  the 
spectrum  could  have  been  determined  had  the  image  been  consider- 
ably less  intense.  This  spectrum  may  be  relatively  stronger  in  the 
photographic  regions  than  ordinary  stellar  spectra,  though  the  spectra 
of  many  adjacent  fifteenth-magnitude  stars  are   recorded   satisfactorily 
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on  the  same  plate.  It  would  be  perfectly  practicable  to  carry  the 
exposures  up  to  ten  hours  or  more;  the  guiding  could  be  more  accu 
rate,  now  that  the  principal  sources  of  the  irregularity  in  diurnal 
motion  have  been  removed ;  and  perhaps  the  more  stable  new  tele- 
scope mounting  will  eliminate  the  present  unfortunate  changes  in  the 
focus  during  exposures.  Considering  these  facts,  I  am  reasonably  con- 
fident that  this  instrument  can  record  the  continuous  spectrum  of  the 
faintest  star  visible  in  the  36-inch  telescope  under  the  corresponding 
atmospheric  conditions.  Further,  in  the  case  of  stellar  nebulae,  etc, 
whose  spectra  contain  well  defined  bright  lines,  I  do  not  doubt  that 
the  instrument  will  record  the  principal  bright  lines  of  objects  too 
faint  to  be  seen  in  our  most  powerful  telescope. 

It  is  only  for  work  on  very  faint  spectra  that  this  spectrograph  is 
efficient.  Its  dispersive  power  is  very  low,  and  it  should  seldom  be 
used  on  spectra,  or  on  those  portions  of  spectra,  bright  enough  to  be 
recorded  by  relatively  longer  exposures  with  instruments  giving  greater 
dispersion. 

For  qualitative  studies  of  general  spectral  features  this  spectrograph 
is  efficient  on  spectra  of  small  objects,  whether  continuous  or  bright 
line;  but  for  quantitative  results  its  usefulness  is  limited  largely  to 
small  and  faint  bright-line  spectra. 

For  most  of  the  objects  observed  a  60 °  prism,  and  for  some  of  the 
objects  two  6o°  prisms,  would  have  been  an  improvement  over  the  present 
50°  prism  ;  requiring,  of  course,  the  reconstruction  of  the  instrument. 

For  some  of  the  stellar  bright-line  objects  a  convex  lens  of  twice 
the  present  lens's  focal  length  would  have  had  an  advantage  in  separat- 
ing close  lines  on  the  photographic  plate,  permitting  at  the  same  time 
more  accurate  determinations  of  wave-lengths.  This  would  probably 
alter  the  character  of  the  field  of  the  combination  somewhat. 

It  is  possible  that  a  similar  instrument  on  twice  the  linear  scale, 
/'.  c.y  with  lenses  and  prism  having  50  mm  apertures — with  perhaps  a 
6o°  prism  —  would  be  efficient  and  practicable  for  the  objects  of 
medium  brightness  on  my  list. 

New  nebular  lines  at  A 337  and  A  345  were  discovered.  These  lines 
were  later  found  to  exist  in  the  spectrum  of  Nova  Persei,  from  the 
plate  taken  October  14,  igoi.  The  nebular  character  of  the  Nova 
spectrum  is  thus  established  for  the  extreme  ultra-violet  region,  as  had 
previously  been  done  for  the  other  regions.  * 

The  spectrum  of  Nova  Cygtii,  which  in  1876  was  of  the  usual  "  new 
star"  type,  and  later  changed  into  the  nebular  type,  has  now  become 
continuous,  with  no  signs  of  bright  lines. 
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The  bright  lines  in  the  nebular  spectrum  of  Nova  Aurigae  are  now 
relatively  faint,  and  the  spectrum  appears  to  be  approaching  the  con-* 
tinuous  type. 

These  complete  and  astonishingly  rapid  changes  of  spectral  types 
observed  in  the  cases  of  Nova  Cygni  and  Nova  Aurigae  —  and  likewise 
those  observed  in  Nova  Normae,  Nova  Sagittarii,  Nova  Persei,  etc. — 
leave  little  doubt  that  the  masses  of  these  objects  are  small. 

All  the  new  stars  of  recent  years  should  be  re-observed  with  this 
spectrograph  every  year,  to  keep  account  of  the  progressive  changes 
in  their  spectra.  The  importance  of  carrying  out  this  plan  can 
scarcely  be  overestimated. 

The  relative  intensities  of  nebular  and  other  bright  lines,  as  well 
as  of  continuous  spectra,  are  shown  more  accurately  on  the  plates 
secured  with  this  spectrograph  than  on  those  made  with  instruments 
absorbing  the  blue  and  violet  very  strongly. 

The  spectrum  of  the  central  star  in  the  Ring  Nebula  in  Lyra  seems 
to  be  not  of  an  unusual  type,  unless  perhaps  it  contains  a  bright  line 
nearA373.  It  is  quite  possible  that  the  star  is  somewhat  brighter 
photographically  than  visually;  at  least,  photographic  evidence  is  not 
opposed  to  this  theory. 

The  great  intensity  of  the  A. 373  ring  in  the  Ring  Xebula  perhaps 
explains  one  point  in  nebular  photography.  Professor  Keeler  found 
that  for  most  nebulae  an  exposure  of  three  hours  gave  the  best  results, 
whereas  the  best  photograph  of  the  Ring  Nebula  was  obtained  in  ten 
minutes.  While  the  Ring  Nebula  is  brighter  than  the  average  bright 
nebula,  this  brief  exposure  of  ten  minutes  is  out  of  proportion  to  its 
visual  brightness;  but  its  radiations  being  mostly  in  the  ultra-violet,  it 
should  have  a  somewhat  greater  photographic  than  visual  brightness. 

I  wish  to  thank  Mr.  Joel  Stebbins,  Fellow  in  the  Lick  Observatory, 
for  assistance  in  taking  some  of  the  photographs,  and  for  making 
several  exposures  during  my  absence  from  the  Observatory;  and  Dr. 
Campbell  for  his  many  suggestions  during  the  course  of  the  work. 

Harold  Kinc,  Palmer. 
Junk  i,  1902. 
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SPECTROGRAPHIC     OBSERVATIONS    OF    STANDARD 
VELOCITY  STARS    (1902-1903). 

By  E  i)  \v  1  n  B.  Frost  and  \V  a  l  t  k  r  S.  A  d  a  m  s. 

During  the  past  year  one  part  of  the  program  of  work  with 
the  Bruce  spectrograph  of  the  Yerkes  Observatory  has  been  the 
observation  of  the  list  of  stars  adopted  for  co-operative  observa- 
tion by  those  engaged  in  line-of-sight  work  with  the  largest 
spectrographs  now  in  use.  The  scheme1  of  co-operation  that 
seemed  to  represent  the  views  of  those  interested  called  for 
three  spectrograms  per  year  of  each  of  the  ten  stars  (all  having 
spectra  of  the  solar  type),  taken  if  possible  at  about  the  date  of 
the  star's  opposition  and  thirty  days  before  and  after  opposition. 
It  was  recommended  that  additional  observations  should  be  made 
of  a  Bodtis  and  a  Pcrsci  throughout  the  year.  The  choice  of 
comparison  spectrum  and  mode  of  reduction  was  to  be  left 
wholly  to  the  different  observers,  variety  being  considered 
desirable.  A  style  of  publication  was  suggested,  uniform  as 
regards  the  minimum  amount  of  data  to  be  communicated. 

We  have  endeavored  to  carry  out  the  plan  of  co-operation  as 

'"Co-operation  in  Observing  Radial  Velocities  of  Selected  Stars,"  Astkopiiysic  \l. 
Joi'RNAL,  16,  169-177,  October  1902. 
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closely  as  possible  since  July  1902,  but  the  weather  conditions 
on  the  two  nights  weekly  allotted  to  the  spectrograph  have  not 
permitted  us  to  obtain  the  plates  as  nearly  on  the  schedule  dates 
as  we  desired.  In  fact,  we  were  able  to  obtain  but  a  single 
plate  of  /3  Leporis  during  the  past  winter.  The  list  of  stars,  with 
the  approximate  dates  at  which  they  were  to  be  observed,  if 
possible,  is  as  follows  : 

a  Arietis,  Oct.  1,  Nov.  1,  Dec.  1. 

o  Persei,  Oct.  23,  Nov.  23,  Dec.  23. 

p  Leporis,  Nov.  10,  Dec.  10,  Jan.  10. 

/3  Geminorum,  Dec.  12,  Jan.  12,  Feb.  12. 

o  Crateris,  Feb.  14,  March  14,  April  14. 

a  Boot  is,  March  13,  April  13,  May  13. 

/3  Ophiuchi,  May  15,  June  15,  July  15. 

7  Aquilae%  June  22,  July  22,  Aug.  22. 

c  Pegasi>  July  24,  Aug.  24,  Sept.  24. 

7  Piscium,  Aug.  13,  Sept.  13,  Oct.  13. 

With  the  exception  above  noted,  we  have  obtained  three 
measurable  plates  of  each  of  the  above  stars,  and  several  extra 
plates  of  a  Bobtis,  but  unfortunately  no  extra  plates  of  a  Persei. 
We  have  also  secured  a  few  plates  of  the  supplementary  stars 
proposed  by  M.  Belopolsky  as  substitutes  for  the  southern  stars 
of  the  above  list,  which  would  be  beyond  his  reach.  Control 
plates  of  the  Moon  and  planets  have  also  been  taken  at  intervals 
to  test  the  performance  of  the  spectrograph.  The  results  for 
these  plates  are  given  below  for  the  period  covered  by  the  plates 
of  standard  stars. 

A  detailed  description  of  the  Bruce  spectrograph,  with  illus- 
trations, has  been  given  in  this  Journal,1  and  need  not  be 
repeated  here.  The  principal  changes  which  have  been  made 
since  that  article  was  written  have  been:  (1)  the  use  of  the  lens 
instead  of  the  mirror  for  projecting  on  the  slit  the  image  of  the 
spark  which  furnishes  the  comparison  spectrum;  (2)  the  use  of 
a  small  disk  of  ground  glass  at  a  distance  of  20  mm  in  front 
of  the  slit,  for  diffusing  the  light  of  the  spark,  and  insuring  the 
complete  and  uniform  illumination  of  the  collimator  by  the  rays 
from  the  spark;   (3)  a  Hastings  isokumatic  collimator  lens  has 

xi5»  1-27,  January  1902. 
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been  substituted  for  the  triple  of  the  same  size    (51mm)   and 
focal  length   (958  mm)   at  first  used,  resulting  in  some  slight 
•  improvement   in   the   previously   excellent   performance   of  the 
collimator. 

The  camera  lenses  which  have  been  employed  in  the  work 
included  in  this  paper  are  designated  as  A,  B,  and  B'.  A  is  a 
Zeiss  anastigmat  of  the  "Protar"  type,  of  71  mm  aperture  and 
449  mm  focus,  purchased  of  Bausch  and  Lomb;  B  is  a  triple  lens, 
designed  by  Professor  Hastings  and  constructed  by  Brashear,  of 
76  mm  aperture  and  607  mm  focus  ;  and  B ' ,  a  triple  from  the  same 
source  as  B,  is  of  57  mm  aperture  and  of  the  same  focus  as  B. 
As  the  scale  of  the  plates  taken  with  camera  B  is  one-third 
larger  than  for  A  plates,  and  as  their  definition  is  somewhat  bet- 
ter at  the  center,  we  have  naturally  preferred  to  use  camera  B, 
which  practically  requires  the  same  exposure  time  as  A.  B, 
however,  has  at  times  shown  a  disposition  to  become  astigmatic, 
probably  due  to  pressure  on  its  cemented  surfaces  within  its  cell, 
and  A  has  always  been  used  when  the  trial  plates  suggested  any 
lack  of  sharpness  in  the  lines  given  by  B.  Hence  A  has  been 
employed  for  about  one-third  of  the  plates  concerned  in  this 
paper.  Despite  its  smaller  scale,  camera  A  performs  quite  as 
well,  if  not  better  than  B,  as  inferred  from  the  accordance  of  the 
velocities  deduced  from  different  lines  on  the  same  plate.  (See 
the  values  of  €  in  the  details  of  measurements.)  Camera  B'  is 
also  a  cemented  system,  but  has  25  per  cent,  less  aperture  than 
B,  and  is  also  mounted  in  a  spring  cell,  so  that  no  untoward 
effects  are  to  be  feared  from  pressure. 

The  performance  of  the  great  refractor  has  been  most  satis- 
factory in  work  with  the  spectrograph.  The  addition  of  a  long- 
focus  finder,  without  tube,  having  a  six-inch  object-glass  attached 
beside  the  cell  of  the  forty-inch  lens  with  an  eyepiece  near  the 
spectrograph,  enables  the  observer  to  bring  a  star  very  quickly 
upon  the  slit,  regardless  of  the  flexure  of  the  great  tube. 

The  temperature-case  of  the  spectrograph  has  also  operated 
in  a  very  satisfactory  manner,  as  will  appear  from  an  examina- 
tion of  the  records  of  the  temperature  in  the  outer  and  inner 
cases  given  in  the  journal  of  observations. 
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Additional  details  regarding  the  instrument,  together  with  a 
new  photograph  of  it  and  its  accessories,  may  be  found  in  our 
paper  on  the  "  Radial  Velocities  of  Twenty  Stars  having  Spectra 
of  the  Orion  Type"  in  the  forthcoming  Vol.  II  of  the  Publications 
of  the  Yerkes  Observatory. 

The  dispersion  and  scale  of  the  plates  for  cameras  A  and  B 
are  as  follows : 


Wa\e- 
Length 


4300 
4500 
4700 


Angulak  DiS- 
rERSION  FOR  ONE 

Tenth- Meter 


45-7 

33-8 
26.0 


Tenth-Mbtrbs  per  mm 


Camera  A 


Camera  B 


10.0 

13. S 

17.6 


7-4 
10. I 

13. 1 


On  well-exposed  spectra  of  the  solar  type  a  sufficient  number 
of  good  stellar  lines  is  usually  found  within  a  range  of  about  130 
tenth-meters  (or  13  mm  for  camera  B),  with  the  center  at  about 
X44S0,  which  is  the  ray  passing  the  prisms  at  the  angle  of 
minimum  deviation. 

The  titanium  spark  has  been  chiefly  employed  for  the  com- 
parison spectrum  on  these  plates,  but  electrodes  of  iron  and 
chromium,  and  a  helium  tube  can  be  readily  rotated  into  the 
proper  position  for  use  when  desired.  Plate  VIII,  taken  from  the 
already  cited  article  in  the  Publications  of  this  Observatory,  illus- 
trates the  distribution  of  the  comparison  lines  of  the  Ti  spectrum, 
and  shows  the  quality  of  stellar  spectrum  obtainable.  The  use 
of  a  small  self-induction  coil  obviates  the  presence  of  any  air 
Hues  in  the  comparison  spectrum,  which,  without  the  coil,  are 
less  pronounced  with  77  than  with  most  metallic  electrodes. 

MEASUREMENT    OF    THE    PLATES.' 

The  plates  have  been  measured  with  two  screw-comparators 
constructed  by  Wm.  (iaertner  &  Co.,  of  Chicago.  The  screws 
have  a  pitch  of  0.5  mm,  and  the  head  is  large,  so  that  the  single 

'An  extended  discussion  of  this  topic,  and  of  the  various  sources  of  errors  in  our 
determinations  of  radial  \  cloeities,  i.s  j^iven  in  the  volume  of  the  Publications  already 
alluded    to,    which    has  at   this   writing  been    in    type   for  about  eight  months.      Fi.»r 

detail-  the  reader  i>  refeired  to  that  paper. 
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divisions  (0.001  mm)  can  be  easily  read  through  a  small  magni- 
fier and  estimated  to  tenths.  A  distance  of  less  than  20  mm  is 
ordinarily  measured  on  the  spectra  here  in  question  —  in  fact, 
for  A  plates  usually  only  about  10  mm,  and  for  B  plates  about 
13  mm.  Four  settings  are  made  on  each  of  the  comparison  and 
stellar  lines  which  the  observer  desires  to  employ,  and  then  the 
plate  is  reversed  under  the  microscope  (so  that  the  violet  side 
shall  be  toward  the  right  instead  of  the  left),  and  the  process  is 
repeated. 

The  measurements  in  the  two  positions  are  combined  to 
means,  and  then  reduced  with  the  aid  of  the  simple  Hartmann 
formula,  the  constants  of  which  are  determined  from  three 
standard  comparison  lines  selected  near  the  middle  and  ends 
of  the  portion  of  spectrum  measured.  The  computed  wave- 
lengths of  the  various  other  comparison  lines  distributed  along 
the  plate,  always  selected  so  as  to  be  as  near  as  possible  to  the 
best  star  lines,  serve  to  give  successive  checks  upon  the  accuracy 
of  the  "fit"  of  the  formula.  The  corrections  to  formula  thus 
obtained  are  applied  to  the  corresponding  or  intervening  star 
lines,  with  such  (linear)  interpolation  as  may  be  necessary.  We 
have  feared  the  dangers  of  abitrariness  in  any  process  of  smooth- 
ing out  the  accidental  errors  of  settings  by  a  curve,  so  that  the 
accordance  of  the  velocities  deduced  from  different  lines  on  the 
same  plate  is  less  than  it  might  be  otherwise  ;  but  the  mean  of 
the  values  probably  mav  be  regarded  as  quite  as  trustworthv, 
and  is  certainly  free  from  errors  due  to  prepossession  in  curve- 
drawing.  From  the  values  of  the  apparent  wave-lengths  of  the 
stellar  lines  thus  derived,  the  displacements,  and  hence  the  cor- 
responding velocities,  are  immediately  inferred.  It  is  hardlv 
necessary  to  remind  the  reader  that  the  full  amount  of  any  error 
in  the  relative  wave-length1  of  any  line  enters  into  our  result,  a 
relative  error  of  0.0 1  tenth -meter  producing  an  error  of  0.7  km 
per  second  in  the  velocitv  deduced  for  that  line.2  It  will,  how- 
ever, be  easy  to  correct  our  results  later,  as  subsequent  laboratorv 

'Taken  from  Row  land's  "  Preliminary  Table  of  Solar  Spectrum  \Yave-I.enjLjtli>." 

■Unless  the  star  line  is  identical  with  the  comparison  line,  so  that  a  direct  dis- 
placement is  measured. 


242  EDWIN  B.  FROST  AND  WALTER  S.  ADAMS 

observations  shall  gradually  remove  the  relative  errors  in  Row- 
land's tables.  In  our  computations  we  carry  the  wave-lengths 
to  the  third  decimal  place,  as  given  by  Rowland,  but  of  course 
we  do  not  attach  significance  to  measures  on  any  given  plate 
beyond  the  hundredth  of  a  tenth-meter.  Similarly,  though  we 
carry  out  our  reductions  to  the  hundredth  of  a  kilometer,  it  is 
clear  that  the  uncertainties  of  the  wave-lengths,  quite  aside  from 
the  accidental  errors  of  measurement,  seriously  affect  the  tenths 
of  a  kilometer. 

Tests  made  by  ourselves  and  by  others  indicate  that  the 
measurement  of  the  plate  in  the  two  positions  under  the  micro- 
scope largely  eliminates  the  physiological  error  due  to  the  dif- 
ference in  the  nature  of  the  process  of  setting  a  dark  thread 
upon  a  white  star  line  and  the  same  dark  thread  upon  a  dark 
comparison  line  (on  the  negative).  Our  systematic  errors  of 
this  sort  would  be  quite  large,  about  4  km  for  Frost  and  2  km 
for  Adams,  but  with  opposite  signs. 

Preliminary  investigations  of  the  periodic  errors  of  the  screws 
of  the  two  comparators  were  made  during  the  progress  of  this 
work,  and  errors  were  found,  reaching  a  maximum  of  4/u  for  one 
machine  and  of  3  ft  for  the  other.  It  was  found  that  they 
changed  when  the  nut  was  more  tightly  clamped  to  the  screw, 
which  was  occasionally  necessary,  as  the  screws  tapered  slightly 
from  both  ends  toward  the  center.  Corrections  have  therefore 
not  been  applied  for  the  errors  of  the  screws  in  this  year's 
work,  and  new  screws  are  being  supplied  to  replace  the  present 
ones.  However,  for  reasons  fully  set  forth  in  our  article  on  the 
Orion  stars,  it  does  not  appear  to  us  probable  that  the  radial 
velocity  of  any  solar  star  deduced  from  measures  of  one  plate 
will  be  affected  by  over  0.1  km  on  account  of  screw-errors.  The 
general  accordance  in  the  measures  of  the  same  plate  by  the 
two  observers  with  the  two  different  machines  is  confirmatory  of 
this  opinion. 

We  desire  to  emphasize  the  independent  character  of  the 
measurements  of  a  plate  by  the  two  observers.  The  selection  of 
the  lines  of  both  comparison  and  stellar  spectrum  was  made  by 
the  measurer  without  reference  to  his  own  or  the  other  observer's 
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measures  of  other  plates  of  the  same  star,  and  no  comparisons 
were  made  until  all  the  reductions  were  completed.  There  has 
been  no  attempt  to  secure  conformity  in  the  habit  of  the  two 
observers  in  making  settings.  Thus,  for  instance,  A.  is  accustomed 
to  make  his  settings  on  the  inner  tips  of  the  comparison  lines, 
while  F.  has  followed  the  practice  of  setting  upon  a  certain  point 
estimated  as  one-third  of  the  length  of  the  comparison  line  from 
the  inner  tip.  Of  course,  the  corrections  for  curvature1  have 
been  different  for  these  two  distances  from  the  center  of  the  star 
spectrum,  which  distance  is  the  argument  in  our  table  of  curva- 
ture corrections.  But  if  any  serious  error  had  entered  in  the 
habit  of  either  observer  in  regard  to  the  point  at  which  the  set- 
ting is  made,  it  would  appear  as  a  persistent  systematic  differ- 
ence in  the  results,  which  we  cannot  discover. 

It  is  not  to  be  doubted  that  the  observers'  mode  of  setting 
may  change  with  time  and  experience,  but  we  have  not  found 
any  such  changes,  of  magnitude  sufficient  to  be  regarded  as  real, 
during  our  work  since  the  Bruce  spectrograph  has  been  in  opera- 
tion. The  differences  that  occur  in  the  results  of  the  independent 
measurements  of  the  same  plate  by  F.  and  by  A.,  tabulated  below, 
are  perhaps  disappointingly  large;  and  the  deviations  of  the 
separate  plates  from  the  mean  may  be  larger  than  would  be 
anticipated  by  those  who  have  not  directly  engaged  in  line-of- 
sight  work ;  but  they  seem  in  any  event  to  be  of  an  accidental 
character.  It  is  perhaps  safe  to  say  that  at  present,  with  a 
stable  spectrograph,  errors  due  to  personality  are  quite  as  much 
to  be  feared  as  errors  due  to  instrumental  sources. 

We  have  elsewhere2  discussed  the  effect  of  our  assumption 
of  solar  wave-lengths  for  spark  lines.  If  arc  and  spark  wave- 
length are  absolutely  identical,  we  might  expect  that  a  systematic 
correction  to  our  results  would  be  required  to  compensate  for 
the  displacement  of  lines  due  to  pressure  in  the  stellar  atmos- 
phere. There  are  not  at  present  sufficient  observational  data 
available  for  making  such  corrections  (to  the  solar  wave-lengths), 

1  These  are  applied  to  the  mean  of  the  settings  on  each  comparison  line,  and  do 
not  further  appear  in  the  reductions. 

*Loc.  cit.,  p.  155. 
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and  furthermore  our  control  plates  on  the  Moon  and  the  planets 
do  not  reveal  such  a  systematic  difference  from  the  computed 
velocities. 

The  excellent  character  of  many  lines  in  the  stellar  spectra, 
which  are  made  up  of  two  or  more  lines  too  close  to  one  another 
to  be  separated  with  the  dispersion  employed,  has  necessitated 
the  use  of  a  number  of  blends.  In  all  such  cases  we  have  fol- 
lowed the  usual  practice  of  assigning  weights  to  the  component 
lines  according  to  the  intensities  given  them  in  Rowland's  table, 
and  taking  the  weighted  mean  of  their  wave-lengths  as  the 
wave-length  of  the  compound  line.  The  maximum  distance 
between  two  lines  for  which  blending  is  admissible  depends  upon 
the  practical  separating  power  of  the  instrument.  On  lantern- 
slide  plates  of  the  solar  spectrum  the  least  distance  at  which  two 
lines  can  be  seen  as  distinct  is  about  0.15  tenth-meter.  The  less 
fine-grained  plates  used  for  stellar  spectra  do  not  admit  of  the 
resolution  of  such  close  lines,  and  with  them  the  limit  is  usually 
from  0.25  to  0.30  tenth-meter,  according  to  the  quality  of  the 
plate  and  the  character  of  the  lines  involved.  In  addition  to  the 
matter  of  separation,  it  is,  of  course,  necessary  to  determine  the 
intensitv  which  a  line  must  have  in  order  to  exert  an  appreciable 
influence  upon  a  closelv  adjacent  line.  The  answer  to  such  a 
question  is  naturally  somewhat  difficult;  an  examination,  how- 
ever, of  solar  and  planetary  plates  has  led  us  to  the  conclusion 
th.it,  upon  a  plate  of  quality  suitable  for  good  measurement,  a 
line  of  intensity  0  on  Rowland's  scale  is  appreciable,  while  fainter 
lines  mav,  in  general,  be  neglected.  A  few  exceptions  are  found 
to  this  rule,  but  these  occur  mainly  in  cases  of  uncommonly 
strong  lines,  when  the  influence  of  the  faint  component  appears 
to  be  negligible. 

The  arbitrary  character  of  the  assumption  of  equal  intensities 
for  the  same  lines  in  the  Sun,  and  in  stars  which  are  classed 
broadly  under  the  solar  type,  finds  its  justification  in  the  agree- 
ment of  the  values  deduced  from  lines  whose  wave-lengths  have 
been  obtained  under  this  assumption  with  those  derived  from 
uncompounded  lines  whose  wave-lengths  are  subject  to  no  uncer- 
tainty due   to   this  cause;   and   also    in  the  accord   of  the    com- 
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pounded  lines  with  the  same  lines  in  planetary  and  lunar  spectra 
where  the  above  method  of  blending"  is  evidently  rigorously  cor- 
rect. In  the  case  of  the  stars  discussed  in  this  paper  the  wave- 
lengths of  the  blended  lines,  found  in  the  way  described  above, 
have  proved  quite  satisfactory  for  all  except  a  Persei.  The 
spectrum  of  this  star,  however,  is  of  a  less  developed  type  than 
that  of  the  other  stars,  its  most  striking  characteristic  being  the 
prominence  of  the  "enhanced"  metallic  lines.  When  such  lines, 
accordingly,  have  formed  the  most  important  part  in  the  com- 
position of  the  blends  used  for  the  other  stars,  the  wave-length 
of  the  enhanced  line  alone  has  in  each  case  been  used,  and  the 
results  obtained  have  shown  this  to  be  unquestionably  the  cor- 
rect procedure. 

The  table  which  follows  contains  the  wave-lengths  of  all  of 
the  blended  lines  which  we  have  employed  two  or  more  times  in 
the  course  of  our  reductions,  together  with  the  elements  to  which 
they  are  due.  Those  which  have  been  employed  but  once  are 
indicated,  where  they  occur  in  the  tables  of  detailed  reductions, 
by  the  letter  B,  following  the  wave-length  of  the  line. 


_ 

—r       — 

_       —      — 

—       _ 

Elements 

Wave  Length 

Elements 

Wave 

| 

Length  1 

Elements 

Wave-I.enpth 

Xi;    77,  Cr 

1 

4399-903      1 

A 7;  Fe 

j    4460. 

.701      |l 

— ;   Cr;  Fe 

j     4526.644 

V;  Fe;    V 

440S-549 

Fe;  Atr 

76. 

.214     1 

Ti;  — 

27.518 

Ti;  Fe 

27.420      ' 

—  ,Fe;  Fe 

82. 

■  376 

It- Co;  — 

|         34-168 

Ft;   Ti 

34.021       . 

Xi;  Fe,- 

00 

.  000    1 

Xi;  I*e;  Xi 

47-io6 

Ca;  Fe 

35-1*4     1 

Cr;   Zr 

1     07 

.040     . 

Xi,  Ti;  Fe 

60. 22S 

Mn;  Ca 

50.030     | 

Cr,A/n;  77 

1   4^01 

•  4-^  ,; 

Cr;    Co  Fe 

1        6;. 7^0 

Ti;  V.Zr;  i 

1/J 

57.65b    !l 

--/   Fe 

H 

•  175 

Ca;  Co,  Fe 

1        Si. 0^4 

Ni;  Fe;  Fe, 

,£> 

^9.304 

Fe?;--  Ti 

\       22 

.8^ 

Cr;   Fe 

46 i 1 .455 

V;  Mn;- 

1 

60.400     1 

1 

1 

1 

1 

1 

JOURNAL    OF    OBSERVATIONS. 

The  table  which  follows  contains  the  observational  data  for  all 
of  the  plates  discussed  in  this  article.  As  usual  the  series  letters 
A,  B,  and  B'  refer  to  the  three  cameras  already  described  earlier 
in  this  paper.  The  middle  of  the  star  exposure  is  given  in  Green- 
wich Mean  Time,  and  the  hour  angle  at  the  end  of  the  exposure 
is  added  to  indicate  the  position  of  the  telescope  at  the  time. 

The  exposure  of  the  plate  to  the  comparison  spectrum  has 
commonly   been    made    at   the    beginning   and    end   of   the   star 
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Object 


Moon 

e  Pegasi 

p  Ophiuchi  .  . . 

e  Pegasi 

7  Piscium 

a  Persei 

7  Aquilae 

Moon 

a  Boohs 

Moon 

7  Piscium 

7  Aquilae  . .  . . 

e  Pegasi 

a  Arictis 

Moon 

7  Cephei 

a  Arietis 

a  Persei 

7  Piscium 

Moon 

1  Aurigae  .  .  .  . 

P  Leporis 

a  Persei 

7  Cephei 

a  Arietis 

/3  Geminorum  . 
Mars 


c  Leonis 

Moon 

a  Cra/eris 

a  Poo/is 

P  Geminorum 

Mars 

a  Bootis 

7  Cephei 

p  Geminorum 

c  f.eonis 

Moon 

a  Boohs 

a  Cra/eris 

€  Leonis 1      A  443 

a  Cra/eris A  444 

Mars A  445 

p  Ophiuchi A  451 

a  Boo/is B'  4Q9 

7  Cephei B'  50 1 

Mars B'  502 

Venus '    B'   505 

p  Ophiuchi '    B'   508 

7  Aquilae B  '   509 


Series 

and 

Number 


A  350 

A  364 
B378 
B379 
B381 
B382 
B398 
B  401 

A  373 
B  408 

B415 
B417 
B  418 
B  420 

B423 
B428 
B  430 
B431 
B436 
B  444 
B  446 
B  449 
B458 
B  464 

B465 
B477 
B478 

B483 
A  387 
B  491 
B  492 
A  398 
A  400 
B  497 
A  424 
A  426 
A  427 
A  429 
A  433 
A  438 


Date 

Middle 

of 
Exposure 

Dura- 
tion 

1902 

h 

m 

m 

July 

16 

14 

28 

40 

July 

31 

19 

15 

62 

Aug. 

15 

06 

77 

Aug. 

16 

37 

70 

Aug. 

19 

23 

120 

Aug. 

20 

53 

30 

Aug. 

27 

17 

02 

100 

Aug. 

27 

15 

47 

37 

Sept. 

6 

7 

43 

i5± 

Sept. 

13 

10 

13 

35 

Oct. 

8 

14 

38 

153 

Oct. 

9 

14 

12 

125 

Oct. 

9 

16 

14 

93 

Oct. 

9 

19 

08 

40 

Oct. 

15 

15 

44 

30 

Oct. 

16 

17 

44 

70 

Oct. 

29 

13 

23 

50 

Oct. 

29 

14 

21 

40 

Oct. 

30 

14 

39 

120 

Nov. 

0 

13 

38 

40 

Nov. 

6 

15 

31 

75 

Nov. 

6 

19 

55 

90 

Nov. 

19 

13 

27 

33 

Nov. 

27 

10 

35 

75 

Nov. 

27 

18 

35 

52 

Dec. 

31 

20 

13 

20 

Dec. 

3i 

20 

56 

32 

1903 

Jan. 

8 

21 

56 

88 

Jan. 

16 

14 

28 

25 

Feb. 

4 

19 

55 

148 

Feb. 

4 

21 

39 

20 

Feb. 

5 

19 

3i 

18 

Feb. 

5 

22 

15 

50 

March 

24 

22 

48 

13 

April 

3 

15 

4i 

68 

April 

8 

15 

14 

27 

April 

8 

16 

11 

70 

April 

8 

18 

35 

25 

April 

8 

21 

46 

16 

April 

16 

17 

24 

132 

April 

22 

14 

48 

52 

April 

22 

16 

56 

157 

April 

22 

18 

46 

35 

April 

30 

19 

55 

95 

May 

6 

14 

44 

20 

Mav 

6 

17 

42 

100 

May 

6 

19 

20 

50 

June 

16 

14 

11 

9 

June 

26 

15 

V 

83 

June 

26 

17 

25 

no 

Hour  Angle  Slit- 

at  End  Width 


E 
VV 
W 

E 
VV 

E 
VV 

E 
W 
W 

E 
VV 
VV 
VV 

E 
W 

E 

E 
W 
W 

E 
W 

E 
W 
W 
W 

E 

W 
E 
VV 
E 
\V 
W 
VV 


VV  n 


VV 
VV 
VV 
W 
VV 
VV 
VV 
VV 
E 
E 
E 
VV 
VV 
K 
E 


mm 
0.030 
0.032 
O.038 
O.038 
O.O38 
0.020 
O.O38 
O.038 
0.025 
O.038 
O.O38 
O.O38 
O.038 
O.O3S 
0.028 
O.O38 
O.03S 
O.O38 
O.O3S 
0.032 
0.032 
O.038 
O.038 
O.O38 
O.O38 
O.O3S 
O.O3S 

O.038 

o .  038 

0.045 

0.045 

o .  038 

0.03S 

0.038 

0.03S 

0.038 

0.038 

o .  038 

0.030 

o .  03S 

0.030 

0.042 

0.030 

o .  03S 

0.038 

o .  03S 

0.038 

0.020 
O.O4O 
O.O4O 
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Series 

and 
Number 

Comparison 
Beginning 

End 

Temperature 
Beginning                  End 

Seeing 

V 

£ 

O 

Remarks 

A  350 

Ti    5        Ti 

5 

1 

23.4 

0 
23.9 

i 
23.6 

0 

24.2 

2 

1 

A 

Light  cirrus 

A  364 

Ti  45        Ti 

45 

25.5 

25.4 

25-5 

25.4 

3 

3 

A 

clouds. 

B378 

Ti  30        Ti 

30 

21.5 

21.5 

21.5 

21.5 

3-4 

3-4 

F 

B379 

Ti  20         Ti 

33 

21.5 

21.4 

21.4 

21. 1 

4 

3-4 

F 

B  tfi 

Ti  24         Ti 

28 

21.5 

21.5 

21.5 

21.5 

4 

4-3 

F 

B382 

Ti  80         Ti 

19 

21.4 

21. 1 

4 

4 

F 

B398 

Tt'5o,Criy>  Ti+o.Crqp 

22.2 

22.2 

22.2 

22.2 

3 

3-4 

A 

Image   very 

B  401 

7;  40          Ti 

45 

22.2 

22.4 

3 

3 

A 

unsteady. 

A  373 

Ti 

"5 

20.3 

20.2 

3-0 

2 

A 

Frequent 

B408 

Ti  40         Ti 

40 

12.7 

12.7 

12.7 

12.4 

3 

1 

A 

clouds. 

B415 

Ti  45         Ti 

35 

20.1 

20.0 

20.1 

20.3 

3 

2 

A 

B417 

TiiOdX  13:35  7i40 

12.4 

12.2 

12.4 

12.3 

2 

2 

F 

B418 

Ti  30         Ti 

15 

12.4 

11.8 

12.4 

12.0 

2 

2-3 

F 

B  420 

Ti  20         Ti 

40 

I2.4 

12.0 

12.3 

11.8 

2 

2 

F 

B423 

Ti  30         Ti 

40 

15.4 

15.4 

154 

15.3 

3 

A 

B428 

Ti  20         Ti 

20 

10.3 

10.0 

10.2 

9.9 

2-3 

2-3 

F 

B430 

Ti  40         Ti 

35 

74 

7.6 

7-5 

7.6 

2 

2-1 

A 

B431 

Ti  40         Ti 

25 

7-5 

7.6 

.... 

2 

2 

A 

B436 

Ti  30        Ti 

30 

12.8 

12.4 

12.8 

12.5 

4 

4 

F 

B444 

Tito 

7-1 

7.1 

7.i 

6.9 

3 

F 

B446 

Ti  30        Ti 

30 

7-2 

7.1 

7-3 

7.1 

4 

4 

F 

B449 

Ti  25         Ti 

25 

7.2 

7.3 

7.2 

7.3 

4 

4 

A 

B458 

Ti  35         Ti 

25 

9.8 

9.9 

9-8 

9.8 

3 

3-4 

A 

Heavy  dew  on 

B464 

Ti  25         Ti 

30 

—  0.2 

0.0 

—  0.1  +  0.4 

4 

3 

FA 

object-glass. 

B465 

Ti  25 

—  0.1  - 

-  0.6 

—  0.1 

-  0.4 

4 

4-3 

F 

Star's   light 

B477 

Ti  20         Ti 

18 

—  1.2  - 

-    1.2 

—   1.2 

-  1.3 

4 

2 

A 

cut  down  by 

B478 

Ti  24         Ti 

16 

-   1-3- 

-   1-4 

-   1.3 

—     1.2 

4 

1 

A 

snow  clouds 
after  15  :  10. 

B483 

Ti  25         Ti 

25 

—  10.2  ■ 

-10.4 

—  10.2 

-10.3 

3 

3 

A 

A  387 

Ti  20         Ti 

20 

-  0.3 

—  0.1 

-  0.4 

-  0.8 

3 

A 

B491 

Ti  15         Ti 

15 

-  4.8- 

-   4.8 

-  4.8 

3 

2 

F 

B492 

Ti  15         Ti 

15 

-  5.o 

-  4.9 

-"4.6 

3 

2 

F 

A3Q8 

Ti  25         Ti 

25 

-  6.1  • 

-*6.o 

-  6.1 

-   6.3 

3 

4 

A 

A  400 

Ti  23         Ti 

20 

-  6.1 

-  6.4 

-  6.1 

-  6.6 

3 

3 

A 

B497 

Ti  40 

0.0 

0.0 

.... 

2 

2 

A 

A  424 

TV  30         7V 

30 

1.3 

1.2 

1.4 

1.4 

3 

3 

F 

A  426 

Ti  30         7* 

25 

14.7 

14.8 

14.8 

14.8 

3 

,  1 

A 

A  427 

7V  25         Ti 

25 

14.8 

14.8 

14.8 

14.8 

3 

1-2 

A 

A  429 

Ti  25         7V 

25 

14.8 

14.9 

14.8 

14.5 

3 

A 

A  433 

7V  32         7Y 

30 

14.8 

14.9 

14.8 

14.8 

3 

2 

A 

A  438 

7V  20         7Y 

25 

8-3 

8.0 

8.2 

7-8 

4 

3 

A 

A  443 

Ti  30        7Y 

35 

9-7 

10.5 

10.2 

9-7 

4 

4+ 

F 

A  444 

7Y  25         Ti 

30 

9.9 

10.4 

9.9 

10. 1 

3 

4 

F 

A445 

Ti  25         7V 

35 

9.9 

10.0 

9.9 

9-3 

3 

4 

F 

A451 

7Y  25         Ti 

25 

4-5 

4.4 

4-5 

4.0 

3-o 

3 

A 

Cloudy  from 

B'499 

Ti 

120 

13.1 

12.6 

i3-t 

12.9 

3 

3 

F 

13:00- 

B'501 

045,7/40  7Y55, 

CV40 

I3-I 

13.0 

13-1 

12.3 

2-3 

2-3 

F 

13:35. 

B'502 

Cr  60,  7V'  80 

.... 

13.2 

12.4 

2-1 

2 

F 

B'505 

7i  180,  Cr 

r«^o 

19.5 

19.6 

3 

2 

A 

B'508 

Ti  50         7Y 

85 

23-3 

22.9 

23-1 

22.5 

2 

3 

F 

B'509 

Ti  45         7Y 

65 

23- 1 

24.5 

23-1 

23-3 

3 

3-4 

F 
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exposure,  and  the  length  in  seconds  is  given  by  the  number  fol- 
lowing the  symbol  of  the  element  employed.  The  temperature 
conditions  during  the  star  exposure  are  indicated  in  the  column 
headed  "Temperature/'  The  letter  i  refers  to  the  thermometer 
within  the  prism  box,  o  to  the  thermometer  in  the  large  outside 
temperature  case.  The  readings  are  given  only  for  the  begin- 
ning and  end  of  the  exposure,  as  these  indicate  in  the  case  of  all 
the  plates  considered  here  the  maximum  range  of  temperature 
through  which  the  air  within  the  prism-box  has  passed.  The 
last  column  of  the  table  gives  the  estimated  transparency  of  the 
sky  and  the  steadiness  and  quality  of  the  star's  image,  in  the 
order  named,  and  on  a  scale  of  o  to  5,  5  denoting  perfect  condi- 
tions in  each  case. 

The  kind  of  photographic  plate  employed  is  not  stated  in  the 
journal  of  observations.  Previous  to  December  1902,  Seed's 
"Gilt  Edge  27,"  were  used  almost  exclusively.  Since  that  time 
the  majoritv  of  photographs  have  been  made  with  Seed's  double- 
coated  non-halation  plates,  with  the  outer  emulsion  also  of  the 
"Gilt  Edge  27"  quality.  The  principal  developers  used  have 
been  rodinol  and  edinol. 

We  are  indebted  to  Mr.  F.  R.  Sullivan,  engineer  in  charge 
of  the  telescope,  for  much  efficient  assistance  in  the  labor  of 
guiding  during  the  exposures  entered  in  the  list. 

DETAILED    REDUCTIONS. 

The  tables  of  detailed  reductions  which  follow  are  divided 
into  two  parts,  the  first  containing  the  results  given  by  the  plates 
of  the  Moon  and  the  planets  which  have  been  taken  as  a  check 
upon  the  behavior  of  the  spectrograph,  and  the  second  the 
results  for  the  stars  whose  discussion  forms  the  subject-matter 
of  this  article.  We  have  endeavored,  so  far  as  possible,  to 
make  the  form  of  tabulation  the  same  for  both. 

The  time  and  hour  angle  given  for  each  plate  refer  to  the 
middle  of  the  exposure.  The  former  is  expressed  in  Greenwich 
Mean  Time.  The  first  column  of  the  table  gives  the  wave- 
length employed  for  the  stellar  line,  and  following  it  in  parallel 
columns  is  the  velocity  found  for  that  line  by  each  observer.      The 
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mean  for  each  observer  is  given  to  hundredths  of  a  kilometer  in 
order  to  avoid  error  in  the  formation  of  the  final  mean,  but  the 
latter  is  given  only  to  tenths  of  a  kilometer.  On  account  of  the 
great  amount  of  repetition  involved,  it  has  not  seemed  desirable 
to  give  the  wave-lengths  of  all  the  comparison  lines  used  in  the 
reduction  of  the  plates,  but  the  number  of  lines  so  used,  as  well 
as  the  wave-lengths  of  the  standard  lines  employed  in  the  deter- 
mination of  the  constants  of  the  reduction  formula,  is  found  at 
the  foot  of  the  table  for  each  plate. 

All  of  the  velocities  given,  as  well  as  the  mean  errors,  are, 
of  course,  expressed  in  kilometers  per  second. 


CONTROL    PLATES    OF    THE    MOON    AND    THE    PLANETS. 

The  series  of  Moon  and  planet  plates  given  below  covers 
practically  the  whole  interval  over  which  the  stellar  results  given 
in  this  paper  extend.  The  first  five  plates  of  the  Moon  are 
summarized  in  a  short  table,  the  details  of  their  reduction  being 
given  in  Vol.  II  of  the  Publications  of  the  Ycrkes  Observatory. 

The  theoretical  velocities  both  of  the  Moon  and  of  the  planets 
have  been  computed  with  the  aid  of  the  formulae  given  in  so 
convenient  a  form  by  Professor  Campbell. 

One  plate  of  Mars,  B'502,  has  been  excluded  from  the  list 
given,  as  it  was  found  on  development  that  the  glass  was  broken 
diagonally  across,  the  photographic  film  alone  holding  the  frag- 
ments together. 

MOON. 


Series 

Hour 
An^le 

K  oh  42*" 

Meas- 

Num- 

Com- 

Quality 

and 

Date 

ured 

ber  of'    Mean        puted      O.— C. 

of 

Numl^r 

by 
A. 

Lines ( 

Velocity 

0.0 

Plate 

A  350 

1902,  July     16,  I4h  2Sm 

U 

+  0-4 

•f  0.4 

Kair 

B  401 

Aug.  27,  21    47 

H  3   44 

A. 

14      —  I  .  I  1  —  I  .  5 

+0.4 

Fair 

H40S 

Sept.  13,  16    13 

W  1    i4 

A. 

I  2       +0  .1      -f  0  .  2 

—  0. 1 

(i.M.d 

B4-23    | 

Oct.    15,  15    44 

K   1    01 

A. 

13 

—  0.0 

-O.4 

—  0.2 

Good 

B444 

Nov.     6,  13    38 

W  2    54 

A. 

M 

+0.7 

-fo.6  1  +0.  I 

Good 
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MARS—  B  478. 

1902,  December  31,  20h  56™.      Hour  angle,  E  2h  4im.  Measured  by  A. 

Planet  spectrum  a  trifle  weak;  comparison  spectrum  weak. 


Line,  Wave -Length  in 

Sun 

Velocity      1 

Line,  Wave -Length 

in  Sun 

|      Velocity 

4468.663 
82.376 

4501 .422 
28.798 
48.938 
54-211 
63.939 

-„.„   1 

I4.94 
17.92 
I6.49 
18.06 
15-74 
18.33 

4565.750 
81.634 
84.OI8 

46II.455 

|    -1707 
1         17.27 

1         17.66 

l        19-44 

1         (") 

Number  of  comparison 
Ti  standards  used  .... 

lines  . . 

5 

9 
4468.663 
4534-139 
4617.452 

1 

Mean 
Computed  velocity 

-173 
—  17. 1 

( 

MOON  — A  387. 

1903,  January  16,  20h  40m.  Hour  angle,  E  0h  42° 

Moon  spectrum  good ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave- Length 

in  Sun 

in  Sun 

F. 

A. 

F.         I 

•A. 

4427.420 

+0.I4 

-1.56 

4494.738 

1 
-360      , 

-1.27 

42.S10 

-1. 15 

-1.82 

97.046 

-3.60    ! 

-153 

43-976 

—  1.62 

4501.422 

-2.13    | 

-1-33 

47.S92 

+  O.94 

0.00 

22.853 

+0.27 

56.030 

-1.95 

28.798 

+0-33    ' 

-0.73 

57-6S6 

-2-49 

+0.87 

34-168 

l 

—  I.IQ 

68.663 

—  O.4O 

54.211 

—  1. 51 

76.214 

—  0.07 

1 

82.376 

-0.80 

(12)     , 

(12) 

No.  of  compar.  lines 

II 

II 

Means         —  1 .  29 

—  O.S9 

\ 

4427.266 

4427.266 

Mean         —  1 

.1 

Ti  standards  used  \ 

4481.438 

4481.438 

Computed  velocity         — 0 

.6 

1 

4555-662 

4527.490 
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1903,  February  15,  22h  I5m.  Hour  angle,  \V  oh  25111. 

Planet  spectrum  fair;  comparison  spectrum  fair. 


Velocity 

Velocity 

Line,  Wave -Length 

l 

Line,  Wave-Leng 
in  Sun 

h 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-15.85 

—  16.46 

4494-738 

—  16.21 

—  15.61 

42.510 

14.31 

14.65 

450I .422 

14.32 

16.  12 

43-976 

12.69 

13.97 

28.798 

14-37 

15-03 

47.892 

13.48 

I4.56 

34.168 

15.21 

56.030 

14.47 

54-211 

19.62 

57-656 

15.20 

15-40   1 

68.663 

I3-76 

12-55 

76.214 

IO.38 

1 

82.376 

I3.98   | 

9O.90O 

16.09 

(12)                  (12) 

No.  of  compar.  lines 

13         1         9 

Means 

-14.56       -14.97 

\ 

4427.266  !  4427.266 

Mean         —14.8 

Ti  standards  used  -j 

4481.438 

4481.438 

Computed  velocity         —  1 5 .  5 

( 

4555-662 

4527.490 

MOON— A  429. 

1903,  April  8,  i8h  35m.  Hour  angle  VV  2h  53m.  Measured  by  A. 

Moon  spectrum  fair;  comparison  spectrum  good. 


Line,  Wave-Length  in 

Sun 

Velocity 

Line,  Wave-Length  in  Sun 

1      Velocity 

4427.420 

+2.9I 

4482.376 

+2.74 

42.510 

2.16 

97.046 

2.00 

47.892 

2.97 

4501.422 

0.60 

56.030 

1.55 

17.702 

3-19 

57656 

2-35 

28.798 

0.20 

68.663 

0.00          I 

76.214 

o-54 

(12) 

Number  of  comparison 

lines.. . 

10         1 

\ 

4427.266   1 

Mean 

+  1.8 

Ti  standards  used .... 

\ 

4481.438 
4527.490   , 

1 

Computed  velocity 

+1.3 
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MARS— A  44s. 

1903,  April  22,  iSh  46™.  Hour  angle  \V  2h  520. 

Planet  spectrum  fair ;  comparison  spectrum  good. 


Velocity                '  1 

Veloc 

ity 

Line,  Wave-Lcn 

gth 

_ 

|| 

Line,  Wave-Length 
in  Sun 

in  Sun 

F. 

A.          I| 

F.          1 

A. 

4427.420 

+4-13 

+3o9     l| 

4476.214 

+7.70 

+6.10 

35-18*4 

5.81 

1 

82.376 

7.29     1 

6.49 

41.881 

6.21      1 

94.73** 

3.94     1 

42.510 

5.87 

5.S7    ! 

97.046 

1-53     1 

3-20 

43-97" 

7.02  1 

4501 .422 

3-73 

47.S92 

5-iQ 

4.18  1 

15.475 

3-92 

6.57 

56.030 

5.18 

4.78  I1 

26.644 

6.82 

57.656 

5-45    It 

2S.798 

6.42     | 

4o7 

50.  ^04 

5-31 

j| 

54.211 

7.04     1 

08 . 003 

2.64 

3-22  r 

(14)      | 

US) 

No.  of  compar. 

lines 

M 

11 

Means 

+5-14 

+5.16 

I 

4427. 206 

4427.266! 

Ti  standards  u 

<ed 

4400.  v8 

4481.438:1 

Mean     -)~5 

__  2 

4555.662 

4527.490 ' 

1! 

Computed  velocity     +5 

.2 

rENl/S—KSQS- 

1003.  June  16,  14''  nm.  Hour  angle  W  5h  6in.  Measured  by  A. 

I'lanet  spectrum  good ;  comparison  spectrum  good. 


I. inc.  Wnve- Length  in  Sun 

4427.420 

42.510 

4  ;.o;o 
47>«>2 
50.0  ;o 

57  .  65O 

0S.M13 
76.214 

Number  of  comparison  lines. 
7/  .st.indaids   u>t'»l 


Velocity 


-13.39 

n-53 
11.32 
11 .58 
12.57 
13-31 
M-55 
11.72 


Line,  Wave-I^cngth  in  Sun 


4482.376 
94-738 
07.046 

4501 .422 
26.644 
28.798 


Ve!<x:ty 


-II.44 
14.01 
13.07 
11.09 
1 3  •  99 
14.05 


(I4> 


1  I  4^7. juo  . 
"  448  I.  4  Vs"  I 
r      4527.490 


Mean      —12.8 
Computed  velocity     —13.2 


The  mean  value  of  O.  — C.  for  the  above  eleven  plates  taken 
with  regard  to  siim  is  +o.iokm.  A  quantity  of  this  size  might 
easilv  be  clue   to  accidental  causes,  so  that  the  conclusion   mav 
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be  drawn  that  the  control  plates  show  no  evidence  of  the  exist- 
ence of  any  systematic  error  in  the  spectrograph. 

STANDARD  VELOCITY  STARS. 

The  following  tables  give  the  results  of  our  measures  upon 
the  plates  of  standard  velocity  stars.  The  ten  stars  of  the  prin- 
cipal list  are  arranged  in  order  of  right  ascension,  followed  by 
three  stars  which  we  have  observed  in  the  supplementary  list. 

In  addition  to  the  data  given  for  the  control  plates,  we 
append,  for  the  star  plates,  the  mean  error  €  of  the  determina- 
tion of  the  velocity  from  a  single  line  for  each  observer,  and  the 
mean  error  e0  of  the  final  velocity  of  the  star  deduced  by  each 
observer  from  one  plate,  viz.: 

and     €Q- — '-    ■ 


The  reduction  of  the  star's  velocity  to  the  Sun  is  given  in  its 
two  parts,  Va  denoting  the  correction  due  to  the  Earth's  orbital 
motion,  and  Vd  the  correction  due  to  the  Earth's  diurnal  rota- 
tion. Schlesinger's  tables  of  star  constants  for  the  determination 
of  Va  have  been  employed  throughout. 

Reference  should  be  made  to  the  fact  that  all  of  the  measur- 
able plates  obtained  are  included  in  the  reductions  given  below, 
and  that  none  have  been  omitted  because  of  inferior  quality  or 
lack  of  agreement  with  other  plates. 
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a  ARIE 775—  B  420. 

1902,  October  9,  I9h  o8m.  Hour  angle  W  oh  2S 

Star  spectrum  very  good;  comparison  spectrum  very  good. 


Velocity 

| 

Velocity 

Line,  Wave-Length 

1      Line,  Wave-Length 

in  Sun 

|                 in  Sun 

F. 

A. 

1 

F. 

A. 

4427.420 

-23.03 

-23-37 

1           4482.376 

-21.34 

—  22.82 

28.711 

21-53 

94-73** 

23.68 

24.02 

4I.88I 

23.70 

97.046 

22.40 

2374 

42.510 

23-42 

22.89 

4501.422 

24.25 

23-58 

43- 97° 

23.62 

12.906 

21-33 

47.892 

22.38 

26.644 

2312 

56 . 030 

24.09 

22.01 

28.798 

22.  12 

23-64 

60.460 

23.20 

48.938 

23.40 

68. 66^ 

21.20 

54.211 

24.29 

76.214 

23-65 

21.78 

(14) 

(15) 

No.  of  compar.  lines 

12 

11 

Means 

—  22.90        —23.07 

€ 

±  I.  10 

±0.78 

,                            Mean 

—  22.98 

€0 

±0.29 

±0.21 

!            Va 

+9.70 

( 

4427.266 

4427.266 

1                vd 

—  0.03 

Ti  standards  used  -J 

4481.438 

4481.438 

1     Reduction  to  Sun 

+    967 

( 

4527.49O 

4527.490 

|     Radial  velocity 

-13-3 

a  AR/ET/S— B  430. 

1902,  October  29,  I3h  23"1. 

Star  spectrum  very  good  ;  comparison  spectrum  very  good. 


Hour  angle  E  4h  om 


4427.420 

-13.82 

-13.75    ' 

4499.900 

—  16.49 

28.711 

15.23    1 

94-738 

15.41 

-16.28 

42.510 

12.02 

13.64    ' 

97.046 

11.14 

IX. 80 

43-9/6 

1377    1 

4501.422 

15.59 

47.892 

12.81 

13.14 

12.906 

16.15 

16.01 

57.056 

12.65 

11.70    ! 

15-475 

14.67 

OO.460 

14.05 

16. 13 

17.702 

15.46 

68.66"? 

10.06 

12.41    ' 

26.644 

1338 

76.214 

14.40 

16.48 

28.798 

11.98 

12.12 

82.376 

13-65 

12.38    1 

<i5) 

<i6) 

1 

No.  of  compar.  lines| 


7Y  standards  used  ■ 


12  | 

±1.80 

±0.46     I 

4427. 2bb 

4481 .438  1 

45-^7-490  ! 


II  ! 

±1.74      I 
±0.44      I 
4427.266 
448I.438  I 
4527.490 


Means 

Mean 
Va 
Vd 

Reduction  to  Sun 
Radial  velocity 


-13.51       -14. 
-1382 
—0.14 
+0.27 

+  0.13 
-13.7 


12 
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1902,  November  27,  i8h  35m.  Hour  angle  VV  3h  4m. 

Star  spectrum  very  good  ;  comparison  spectrum  very  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave-Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

+0.07 

+  I.08 

4482.376 

+2.27 

+2.21 

28.7II 

—  0.20 

94.738 

-2.13 

-O.87 

4I.88I 

-O.47 

97.046 

+0.73 

+  1.00 

42.510 

+  I.69 

+2.23 

4501.422 

-0.80 

+0.60 

43.976 

-O.74 

I  2 . 906 

+2.53 

+1.26 

47.892 

-0.13 

0.00 

28.798 

+2.05 

+0.86 

56.030 

+I-35 

+0.54 

54.211 

+0.07 

57-656 

+0.81 

+2.35 

60.460 

-0.87 

68.663 

+1.68 

+2.42 

76.214 

+0.94 

+0.40 

(14) 

(17) 

No.  of  compar.  lines 

13 

II 

Means 

+0.80 

+0.69 

6 

±1.29 

±1.14 

Mean 

+  0 

74 

Co 

±0.34 

±0.28 

V*       - 

-14.58 

( 

4427.266 

4427.266 

/'./       - 

-  0.23 

Ti  standards  used  < 

4481.438 

4481.438 

Reduction  to  Sun 

—  14 

.81 

( 

4555.662 

4527.490 

Radial  velocity 

-14 

.  1 

a  PERSEI—  B  382. 
1902,  August  7,  20h  53m. 

Star  spectrum  fair  but  unsymmetrical 


Hour  angle  E  3"  15™. 
comparison  spectrum  fair. 


4443 -976 

-24.36 

47.892 

27.71 

59.301 

—  26.02 

66.727 

25.04 

26.52 

68.663 

25.50 

24.56 

76.214 

27.47 

28.07 

89-35I 

28.99 

91.570 

2497 

94.738 

31.02 

28. 4Q 

4501.445 

26.24 

27.18 

08.455 

27.93 

28.20 

No.  of  compar. 

lines 

12 

15 

€ 

ii.68 

±1-74 

*o 

.  ±0.44 

±0.45 

4455.485 

4443 -976 

Ti  standards  used  -j 

4512.906 

4^01.445 

4515.508 

—  25.16 

-25.76 

20.397 

26.54 

22.802 

26. 19 

24.40 

28.798 

27.41 

28.01 

54.211 

26.53 

25.61 

58.827 

23-74 

63.939 

23-65 

72.156 

25.18 

(14) 

(15) 

4555.662 1 4563.939 1 


Means  —26.79      —26. 

Mean  —26.44 

Vn  +24.48 

Vd        +  0I7 
Reduction  to  Sun  -^-24.65 

Radial  velocity  —    1.8 
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a  PERSE/—  B  431. 

1902,  October  29,  I4h  2im.  Hour  angle  E  4h  20m. 

Star  spectrum  good ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave-Length 

in  Sun 

in  Sun 

| 

F. 

A. 

F. 

1 

A. 

4443-970 

—  11.27 

4508.455 

-12.17     ' 

-II.24 

44.728 

12.68 

15.508 

II.69 

10.82 

47.892 

10.85 

20.397 

12.88    ' 

13.80 

.S9-30I 

-M-32 

22.802 

11.74    I 

66.727 

14.23 

15.30 

'                28.798 

13.18    1 

13.91 

68.663 

II.94 

11.07 

1             34- 139 

1 

IO.71 

76.214 

IO.45 

12.06 

,             39-759 

1 

13-74 

94-738 

I2.6I 

13.61 

54.211 

11.39    1 

13-10 

4501.445 

12.59 

13.19 

(12)      1 

(15) 

No.  of  compar.  lines 

12 

12 

Means 

-12.43 

-12.49 

€ 

±1.13 

±1.44 

Mean 

—  12 

46 

Cj 

±0.32 

±0.37 

Va        +10.60 

Ti  standards  used  -\ 

4457.600 

4449.3I3 

Vd       +0.20 

4512.906 

4501.445 

Reduction  to  Sun 

+  10 

.80 

4555-662 

4555.662 

I   Radial  velocity 

—    1 

7 

a  PERSE/— B  438. 

1002,  November  19,  I3h  27 m.  Hour  angle  E  3h  5im. 

Star  spectrum  good  ;  comparison  spectrum  slightly  strong. 


4427.420 

-2.51 

4515.508 

-4-25 

—  2.Q2 

43-976 

2.36    ' 

20.397 

6.63 

6.24 

44.728 

6.61 

22.802 

345 

47. 802 

715    i 

28.798 

7.02 

6.69 

^0.301 

—  2.02 

34-139 

3-37 

O0.727 

4-23    ! 

41.690 

2.51 

6S . 6b  * 

4.50 

4-23 

54.211 

6.52 

2.70 

76.214 

7-  J7 

58.827 

4.41 

5-99 

80.351 

3.81 

63-939 

473 

3-68 

01  -57° 

2.80 

72.156 

498 

04. 7. vs 

4.20 

4  so  1. 445 

5.46 

3-40 

08.455 

4.99 

6.98 

(15) 

(17) 

No.  of  compar.  lines 

1 1 

13 

Means                  —4.85 

—  4.46 

e 

-.41.47 

±175 

Mean              —4 

.66 

€n 

±0.37 

±0.42 

Va         4-1.48 

Ti  standards  used  j 

4157.600 

4427.266 

Vd         +0.19 

45 1 2. 906 

4481.438 

Reduction  to  Sun                 +1 . 

67 

451*3-939 

4555.662 

Radial  velocity                     —3. 

0 
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P  LEPORIS—  B449. 

1902,  November  6,  igh  55m.  Hour  angle  E  oh  20m. 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave-Length 
in  Sun 

in  Sun 

* 

A. 

F. 

A. 

4427.420 

-24.04 

-26.75 

4501.422 

-24.58 

—  22.98 

42.510 

23-56 

08.455 

25.4I 

25.21 

43-976 

23.55 

15-475 

25-30 

26.83 

47.892 

22.92 

22.65 

25.285  B 

26.50 

56.030 

26.18 

26.644 

26.23 

57.656 

25.7O 

24.55 

28.798 

22.84 

23-64 

68.663 

2389 

23.82 

46.129 

23.74 

76.214 

24.19 

2^.45 

54.211 

24.56 

82.376 

23.48 

23.75 

94.738 

26.49 

97.046 

21.40 

22.87 

(14) 

(16) 

No.  of  compar.  lines 

II 

II 

Means 

-24.18 

-24.53 

e 

±1.32 

±1.50 

Mean 

-24 

•36 

€0 

±0.35 

±0.37 

r«      +11.95 

( 

4427.266 

4427.266 

Vj        +  0.03 

Tt  standards  used  -j 

4481.438 

4481.438 

Reduction  to  Sun 

+  n 

.98 

( 

4555-662 

4527.490 

Radial  velocity 

—  12 

•4 

p  GEMINORUM—Km. 
1902,  December  31,  20h  13"'.  Hour  angle  W  ih  20m. 

Star  spectrum  good ;  comparison  spectrum  weak. 


4427.420 

-3.12 

4522.853 

—  I. SO 

42.510 

3-44 

—  2.02 

28.798 

2-45 

—  2.32 

43.976 

i.-J5 

34.168 

2.18 

1.92 

47.892 

1-75 

47196 

2.51 

56.030 

2.49 

48.938 

5.08 

57.656 

2.09 

1.68 

54.211 

3.23 

2.30 

60.460 

1 .01    1 

63.039 

3-28 

3-55 

68.663 

2.89 

2.48 

71.275 

5-90 

2.36 

76.214 

2-55 

82.376 

3-14 

97.046 

3.87 

4-33 

4501 .422 

5-33 

3.86 

(14) 

(16) 

No.  of  compar.  lines 

12 

10 

Means 

-3-37 

-2.43 

e 

±1.28 

±0.92 

Mean 

—  2 

90 

*o 

±  0  •  34 

±0.23 

r„ 

f6.3o 

{ 

4427.266 

4443.976 

Id 

-0. 10 

Tt  standards  used  -j 

4501.445 

4501.445 

Reduction  to  Sun 

+6 

20 

( 

4563-939 

4563-939 

Radial  velocitv 

+3 

3 
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1903,  February  5,  I9h  31° 


P  GEM1NORUM—K  398. 


Hour  angle  W  2h  56* 


Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  nrsv€|>L£Bgth 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4399903 

+  13.83 

4460.460 

+15.60 

4406.810 

16.47 

68.663 

+14.29 

16.64 

07.851  B 

17.14 

76.214 

14.27 

08.549 

16.39 

82.376 

1545 

16.66 

11.240 

1455 

94.738 

15. 68 

27.420 

+  15.58 

17.95 

97.046 

15.60 

14.94 

42.510 

16.60 

10.33 

450I.422 

14-45 

1539 

43-976 

14.85 

12.906 

15.08 

17.61 

47.892 

16.45 

14.83 

22.853 

17.30 

56.030 

17.83 

28.798 

17.28 

16.03 

59.304 

15.80 

(12) 

{18) 

No.  of  compar.  lines 

10 

13 

Means 

+15.68 

+16.04 

c 

=bl.07 

±1.18 

Mean 

+15 

.86 

«o 

±0.31 

±0.28 

va 

-12.16 

( 

4427.266 
4481.438 

4399-935 
4457-6oo 

Reduction  to  Sun 

-    0.21 

Ti  standards  used  ■] 

—  12 

•37 

( 

4527.490 

4512.906 

Radial  velocity 

+  3 

-5 

0  GEMIXORUM—A.  426. 

1903,  April  8,  15  h  14  '".  Hour  angle  W  2  h  46  "\ 

Star  spectrum  very  good ;  comparison  spectrum  very  good. 


4427.420 

+  3L77 

+  32.23 

4468.663 

+  31.74 

+  32.74 

28.711 

33-53   ' 

76.214 

33-90 

320Q 

35.184 

33-47 

82.376 

35-19 

34-39 

41.881 

.        31-80   1 

97.046 

3341 

34-07 

42.510 

32.94 

33  95 

4501.422 

31." 

31.84 

4.1.076 

33-40 

33-47 

22.853 

3474 

47-8o2 

32.00 

33.23 

28.798 

32.24 

34-04 

S6.0}0 

32.64 

31.96 

47.196 

32.97 

57.^>56 

35.32 

54.211 

3424 
(15) 

(14) 

No.  of  compar.  lines 

15 

10 

Means 

+  33-o6 

+  33-19 

e 

±  1. 16 

±  1. 10 

M 

Lean      +  3 

L3-I2 

e> 

±  0.30 

±  0.30 

Va    - 

-  29.42 

Ti  standards  used  -] 

4427.2O6 

4427.266 

vd  - 

-    0.20 

4481.438 

4481.438 

Reduction  to  Sun 

29.62 

4552.032 

4527-490, 

Radial  velocity 

+ 

35 

STANDARD   VELOCITY  STARS 
a  CRATER/S— B  491. 
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1903,  February  4,  19  h  55  m.  Hour  angle  W  0  h  9  m. 

Star  spectrum  too  weak  ;  comparison  spectrum  strong. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave-Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4457.656 

+  30.49 

4565.750 

+  31.59 

68.663 

32.49 

7L275 

31.10 

76.214 

31.30 

81.634 

30.18 

97.046 

29.15 

84.OI8 

29.83 

4500.451 

29.99 

90.126 

+  29-33 

30.58 

OI.422 

32.52 

91.614  B 

29.52 

15-475 

31-62 

4611.455 

27.50 

30.04 

28.798 

+  3L45 

33.85 

25.227 

33.78 

46.129 

26.64 

26.358 

2767 

54-2H 

29.96 

54.743  B 

31.44 

60.225 

31-70 

73.370  B 

27.08 

63939 

29.56 

1 

(11) 

(16) 

No.  of  compar.  lines 

10 

II 

Means 

+  29.44      +31-00 

€ 

=k  2.18 

±   1.26 

Mean      +  30.22 

Co 

±  0.66 

±  O.32 

Va   +  16.66 

( 

4527.490 

4457.600 

Vd  - 

-    0.01 

Ti  standards  used  j 

4617.452 

4527.490 

Reduction  to  Sun 

+ 16.65 

( 

4682.088 

4617.452 

Radial  velocity 

+  46.9 

a  CRA  TER/S—  A  438. 

1903,  April  16,  17  h  24  m.  Hour  angle  VV  2  h  12  m. 

Star  spectrum  weak  ;  comparison  spectrum  strong. 


4427.420 
41.881 
42.510 
47.892 
57.656 
60.460 
68.663 
76.214 
82.376 
85.846 
94.738 


+  61.84 


60.61 


61.75 
57.50 


+  61.23 
62.91 
62.08 
61.42 
63.40 
63.01 
63o8 

61.83 


I 


4497.046 
4501.422 
15.475 
22.853 
28.798 
47.196 
43.938 
54.2H 
63-939 
65.750 


No.  of  compar.  lines 


Ti  standards  used  • 


9 

-b  2.82 

±  O.89 

4427.266 

4496.318 

4555.662 


13  ' 

±   I.04 
±  0.26 

4449.313  ' 
4496.318 
4555.602  ; 


Means 

Reduction  to  Sun 
Radial  velocity 


+  O1.08      +61.99 
Mean        +61.98 

-  14.52 

-  o.iS 

-  M-70_ 

+  47-3 


260 


EDWIN  B.  FROST  AND   WALTER  S.  ADAMS 


a  CRA  TERIS  —  A  444. 

1903,  April  22,  16  h  56  m.  Hour  angle  W  2  h  6  * 

Star  spectrum  weak ;  comparison  spectrum  strong. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave- Length 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.42O 

+  69.22 

4512.906 

+  63.53 

+  65.32 

35.184 

65.65 

28.798 

65.68 

62.18 

45.64I 

+  64.14 

44.845  B 

62.09 

47.892 

69.16 

65.86 

47.I96 

61.72 

60.460 

64.07 

63939 

64.91 

68.663 

6777 

65.42 

71.275 

62. QI 

76.214 

65.26 

6332 

Sl.634 

64.08 

82.376 

64.29 

64.96 

86.191  B 

67.86 

90.900 

63.36 

4606.404 

64.48 

97046 

66.01 

11.455 

64.37 

4501.422 

63-94 

62.81 

(12) 

(10) 

No.  of  compar.  lines 

12 

M 

Means 

+  65.84        +64.02 

c 

±  2.32 

±   1. 15 

Mean      +  64.93 

Co 

±  0.67 

^rO.30   1 

Va    - 

"  I6.73 

Ti  standards  used  \ 

4427.266 

4427.266 

V*   - 

-     0.17 

4512.906 

4512.906 

Reduction  to  Sun 

—  I6.9O 

4590.126 

4617.452 

Radial  velocity 

+  48.0" 

a  BOOT/S—A  373 

1902,  September  6,  I3h  43'".  Hour  angle  W  4*1  38°. 

Star  spectrum  excellent;  comparison  spectrum  excellent. 


4427.420 

+  IO.63 

+  IO.84 

4482.376 

+  11.84 

+  10. Q0 

28.711 

II.92 

94.738 

10.67 

11  .Si 

34.021 

13-59 

97.046 

n.47 

10.40 

3-K51 

II. 15 

4501.422 

10.  }Q 

4  2 . «;  1 0 

12.28 

11-05 

12.906 

12.03 

10.70 

J3-(>7() 

10.32 

11.88 

15.475 

11 .69 

47-802 

12.20 

11-93 

28.798 

11 .06 

11 .26 

si).  030 

11. 17 

11 .24 

48.938 

13-45 

^7  .0^0 

1 1 .  30 

54.211 

12.77 

()().7oi 

11 .61 

OS . 003 

13.62 

I 

7S.026 

10.40    | 

70. 214 

K'S 

12.06 
17 

11-59 

(16) 

(17) 

No.  of  com  par.  li 

-   ! 

Means 

+  11.90 

+  11.  28 

€ 

±  1-05 

±0.57 

1                             Meai 

+  11 

.59 

e> 

±0.26 

±0. 14 

Va        - 

1579 

■! 

4427.  2(»() 
440^.318 

4427.266 
44«\s-975 ' 

Vd     - 
Reduction  to  Sun 

■  0.30 

Ti  standards  usei 

-16 

.OQ 

4552.632 

4527.490 

Radial  velocity 

—    4 

■5 
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aBOOT/S—B  492 


1903,  February  4,  2lh  39m. 


Hour  angle  E  ih  35m. 


Star  spectrum  good ;  comparison  spectrum  weak. 


Velocity 

Velocity 

Line,  Wave -Length 

Line,  Wave -Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427420 

-31.02 

—  29.60 

4501 .422 

-27.31 

—  26.64 

4I.881 

30.58 

12.906 

25.98 

26.31 

42.510 

27.61 

27.47 

26.644 

29.41 

43-976 

28.95 

28.798 

2993 

30.26 

47.892 

27. 10 

46.129 

30.60 

30.08 

56.030 

29.06 

27.72 

48.024 

29.66 

57.656 

29  33 

28.72     i 

54.211 

29.89 

68.663 

26.84 

26.64 

63-939 

29.63 

76.214 

28.01 

28.61 

65.750 

28.76 

82.376 

27.30 

i 

(13) 

(16) 

No.  of  compar.  lines 

13 

12 

|              Means 

-28.64 

-28.54 

e 

±1-59 

±1.38 

Mean           —28 

-59 

eQ 

±0.44 

±0-34 

Va      +24.03 

{ 

4427.266 
4501.445 

4427.266 
4501.445 

Vd      - 
Reduction  to  Sun 

-    O.13 

Ti  standards  used  \ 

+24 

.16 

( 

4563.939 

4563.939 

Radial  velocity 

-   A 

•4 

a  B00  7/S—V  497. 

1903,  March  24,  22h  48™.  Hour  angle  \V  2U  49"' 

Star  spectrum  very  good ;  comparison  spectrum  very  good. 


4427.420 

-13.82 

-13.81     ' 

4512.906 

—  12.82 

-14.09 

28.711 

1 3 .  00 

I8.I98 

| 

14.93 

41.881 

14.78 

28.798 

1       I3.I8 

13-97 

42.510 

13.16 

12.29 

34-953 

14.74 

47.S92 

14.56 

13. S5    ' 

40. 129 

16.49 

56.030 

15-75 

M -53    1 

4S.O24 

1       13-19 

57.656 

14.80 

12.44    ' 

48-038 

11  .40 

68.663 

13.02 

12.41 

54.211 

14.09 

76.214 

14.40 

13-53 

71.275 

15-54 

82.376 

13-38 

1 3. OS     ' 

94-73* 

15.14 

14.6S 

1 

97-046 

13.54 

12.27    1' 

1 

4501.422 

16.79 

14.45 

12           ,, 

i        (20) 
-14.14 

(15) 

No.  of  compar. 

lines 

17 

Means 

-13-65 

e 

±1.35 

±0.96 

Mean            —  1 } 

.90 

to 

±0.30 

±0.25     '■ 

/'.. 

+8.85 

sed) 

4427. 266 
4481.438 

4427 .266 
448l.43S 

Reduction  to  Sun 

—  0.22 

Ti  standards  u 

+  > 

As 

( 

4555.662 

4527.490  | 

Radial  velocitv 

•  3 
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a  BO0T/S—A  433. 

1903,  April  8,  2ih  46m.  Hour  angle  W  2h  42" 

Star  spectrum  excellent ;  comparison  spectrum  excellent. 


Velocity 

Velocity 

Line,  Ware -Length 

Line,  Wave  •Length 
in  Sun 

in  Sun 

F. 

A. 

1 

F. 

A. 

4427.420 

-7.25 

-7-45 

4501.422 

-7-73 

-746 

28.7H 

9.I4 

1 2 . 063 

8.51 

41.881 

8.24 

12.906 

379 

42.510 

742 

7.36 

22.853 

4.38 

43976 

6.61 

6.88 

28.798 

4-37 

6.89 

47.892 

8.43 

7.21 

46.I29 

8. 11 

56.030 

8.01 

727 

48.O24 

534 

57.656 

7.13 

7.27 

48.938 

8. n 

68 . 663 

503 

5-90 

54.211 

6.06 

76.214 

6.83 

7.84 

82.376 

7.09 

7.16 

94-738 

9.01 

7-74 

97.046 

7.93 

6.47 

(19) 

(16) 

No.  of  compar.  lines 

15 

12 

Means 

-6.77 

-742 

e 

±1-53 

±0.96 

Mean             —7 

.10 

€0 

±0.35 

±0.25 

V*        +2.43 

A 

4427.266 
4496.318 

4427.266 
44S1.438 

Redaction  to  Sun 

—  0.21 

Ti  standards  used  -j 

+2 

.22 

( 

4555662 

4527.490 

Radial  veJocrty- 

-4 

9 

a  BOOT/S—K'  499. 

1003.  May  6,  I4h  44™.  Hoot  angle  E  2h  25° 

Star  spectrum  excellent;  comparison  spectrum  slightly  weak. 


44-7420 

■  ;  .12 

+*.5l 

4501 .422 

+  2,46 

+4   66 

4 1 .881 

2  77 

1 2 , gob 

5  98 

4J   ;io 

5-94 

4.73 

26.644 

5  23 

3*91 

43*976 

6.55 

5  40 

2&  +  7<jS 

0.[6 

4  -  70 

47.892 

3*7' 

3-37 

34  953 

284 

56 ,  0  )a 

4.10 

3-70 

46,139 

^7   656 

3.90 

4.10 

48 . 024 

448 

r.n    4 fro 

491 

4M# 

343 

(lH.663 

6.04 

4.70    ' 

54*2H 

I.71 

76.214 

3    fl 

2>oS 

t^3  939 

4-7i 

82    »7& 

5,02 

4   42 

71^75 

3   15 

t)4   7^ 

2,04 

(*5l 

\  ■      1   mmpnf. 

(flics            IS 

10 

Means 

1^0      +3-91 

e             ± :  r ,  37 

±  I  .00 

■+4-ia 

r,      |     ±0^1 

±0     ."■ 

l> 

B 

(      1427-266 

eiH     I50T.  445 

(     157^. t$b 

4427  266 

I ' 

JK 

/)  standards  u 

44Si-4i« 

Reduction  to  ^H 

■"9*7         |1 

4527 

Radial  velocity! 

,.    L 

STANDARD  VELOCITY  STARS 
p  OPHIUCHI—K  378. 


263 


1902,  August  7,  I5h  6m.  Hour  angle  W  oh  37m. 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave- Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.42O 

+   8.53 

+  8.53 

4501 .422 

+   8.33 

42.510 

10.80 

10.  12 

12.906 

+  8.31 

9.83 

43-976 

10.19 

17.702 

11.55 

47.892 

IO.85 

924 

26.644 

9.21 

56.030 

II. 17 

27.518 

10.53 

57.656 

9.82 

9-55 

28.798 

6.95 

10.13 

59-922 

IO.35 

46. 129   . 

IO.42 

68.663 

IO.67 

7.52 

48.024 

976 

76.214 

8.04 

II  .12 

48.938 

9.29 

82.376 

9-43 

8.36 

54.211 

8.49 

94-738 

8.01 

1 

97.046 

8-94 

10.34 

(16) 

(16) 

No.  of  compar.  lines 

II 

„ 

Means 

+   9.38       +   9.65 

6 

±1.13 

±1.21 

Meai 

l              +9.52 

€0 

±0.28 

±  0 .  30 

V*      - 

-20.20 

4427.266 

4427.266 

Wi      - 

O.O5 

Ti  standards  used  \ 

4481.438 
4555.662 

4481.438 

Reduction  to  Sun 

—  20.25 

( 

4527.490 

!   Radial  velocity 

-10.7 

P0PHIUCH/—\  451. 

1903,  April  30,  I9h  55m.  Hour  angle  E  ih  8m. 

Star  spectrum  good ;  comparison  spectrum  good. 


4427.420 
35-I84 
41.881 
42.510 
43-976 
47.8Q2 
56.030 
57.656 
60.460 


No.  of  compar.  lines 


ndards  used 


-29.26 
28.34 

32.87 

3I-M 
29.94 

31-35 
30.39 


—  30.21 

31.53 
28.35 
30. 10 
28.58 
31.36 
30.14 
28.37 


12      ;       11 

±2.11    I   -^1.0? 

±o,54         io.27 

4427*266     1427.266 

4481,438    4481. (38 

43-7  ■  190     1527.  J00 


4468.663 
76.214 
82.376 
94.738 
90.222  H 
97-046 

4501.422 
28.798 


-29 

46 

30 

22 

28 

50 

35 

8g 

27 

77 

27 

67 

30 

77 

30 

46 

5) 

Means 


Mean 


-28.85 
29.48 
29.03 
30.36 

29.61 

30.44 
31.05 

(15) 


-30.27        — 29.N3 
—  jo.os 


-+-  0.10 


Reduction  to  Sun 
Radial  vetonLv 


-f-rS  ,5€j 
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p  OPHWCHI—  B '  508. 

1 903,  June  26,  I5h  32™.  Hour  angle  E  ih  42*. 

Star  spectrum  good  ;  comparison  spectrum  fair. 


Velocity 

Velocity 

Line,  Wave -Length 

Line,  Wave- Length 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-9. 28 

1 
-7.45 

4501.422 

-6.06 

43.976 

6.55       1 

12.063 

7  44 

47.892 

5-93 

6.00 

12.906 

—  6.64 

7.31 

S6.030 

8.4I 

6.46 

17.702 

4.45 

57.6.S6 

6.53 

7.27 

27.518 

5.03 

59.922 

6.45 

28.798 

6.62        ,        6.22 

68.663 

3- .62 

4.29 

46.129 

7.12 

76.214 

7-91 

6.90      1 

48.024 

4.55        ' 

82.376 

6.15 

6.36 

48.938 

7.67        1 

94738 

7.60 

5.87      ' 

54.221 

7.18 

97.O46 

927 

(16)         I         (15) 

1 

No.  of  compar.  lines 

M 

12 

Means 

-6.84              -6.34 

6 

±1.58 

±0.96 

Mean 

-6.59 

*o 

±0.39 

±0.25 

Va 

-4.58 

( 

4427.266 

4427.266 ; 

Vd        +0.15 

Tt  standards  used  -J 

4481.438 

4481.438  1 

Reduction  to  Sun 

-443 

1 

4555-662 

4527.490 ' 

Radial  velocity 

—  II. 0 

1902,  August  27,  I7h  2n 


yAQU/LAE  —  h  398. 


Hour  angle  \V  ih  50* 


Star  spectrum  weak  ;  comparison  spectrum  too  strong. 


4450.030 
57 .656 
OS . 003 

76.214 

82.370 
85.846 
07-046 
4500.451 
01 .422 

1 2 . 000 

15.475 

27.51s 


No.  of  compar.  lines 


71  standards   used  ■ 


+  12. 
14. 


1334 


12, 

13 
I 

I 


3* 
22 

3.28 
4-57 


I  } 

±r.  17 
±0.32 

4*55-4s5 
44<>7  .02  *» 
4555.662 


11 


43 
19 
10.04 
10.83 
14.27 
14.39 

11 .50 

14.50 


15 

±1.70    , 
±0.44 
4481.438  ' 

4548.038 : 
4617.452 


4528.798 
46.129 
48.024 
48.938 
54.211 
60.225 
65.750 
74.899 

4603.126 

n.455 


+13.97 
14.57     +14-51 
15.62  ' 

I   1  o .  09 

13-  55 
14.25 
13-44 
12.31 
13.07 

<iS» 


12.25 


(13) 


1 


Means  +13.64      -{-12.82 

Mean  +13 .23 

Va      -14.49 
Va      —  0.16 

Reduction  to  Sun  —14.65 

Radial  velocity  —    1.4 


'  ( V. 


STANDARD   VELOCITY  STARS 
yAQU/LAE—B  417. 


265. 


1902,  October  9,  I4h  I2m.  Hour  angle  VV  ih  52™. 

Star  spectrum  slightly  weak ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave  Length 

Line,  Wave- Length 
in  Sun 

in  Sun 

F. 

A, 

F. 

A. 

4427.420 

^-22.28 

4501 .422 

+20.05 

28.7U 

+21.53 

12.906 

+22.39 

22.46 

34021 

24. OI 

28.798 

23-64 

22.98 

4I.88I 

21.67 

46. 129 

23.61 

42.510 

23.08 

21.60 

47.I96 

23-M 

47-S92 

23. I2 

22.99 

48.938 

21.75 

50.030 

22. 6l 

21-33 

56 . 202  B 

22.18 

68.663 

26.64 

60.225 

21.77 

76.214 

22.24 

22.91 

63.939 

21  .42 

82.376 

23.  I5 

23.I5     1 

65.750 

21.28 

97.O46 

23.80 

23.60 

(12) 

(17) 

No.  of  compar.  lines 

13 

14           1 

Means 

+23.34        +22.13 

c 

±1.19 

±0.96     1 

Mean 

+  22.74 

C* 

±0.34 

±0.23     j 

Va      - 

-24.85 

\ 

4427.266 

4427.266 

V(i      - 

-  0. 16 

Ti  standards  used  \ 

4481.438 

4481.438. 

Reduction  to  Sun 

—  25.01 

( 

4544.864 

4555.662 

Radial  velocity 

-    2.3 

7  AQUILAE—W  509. 

1903,  June  26,  I7h  25m.  Hour  angle  E  ih  50™ 

Star  spectrum  good  ;   comparison  spectrum  good. 


4427.420 

-11.85 

4512.906 

-1356 

12.76 

29.366 

12.58 

17.702 

12.34 

42.510 

9.99 

26.644 

13-58 

43976 

12.02 

1                28.798 

1 1 .  32 

12.05 

47.892 

12.40 

46. I2Q 

12.09 

12-33 

56.030 

14.06 

48.024 

13-71 

12.99 

57.656 

11 .50 

48.938 

12.20 

12.85 

68.663 

8-33 

—  11 .00 

54.211 

12.00 

70.214 

M.80 

12.66 

63.9.>9 

12.02 

10.51 

82.376 

14.58 

I3.3I 

71.275 

15.68 

14.76 

97-046 

11.80 

11.94 

77-356 

14.54 

4501.422 

12.92 

13.79 

1 

12.063 

—  15.02 

(20) 

(16) 

No.  of  compar.  lines 

20 

13 

Means 

—  12.  Si 

—  12.90 

€ 

±1-57 

li:  I.  28 

Mean 

—  12 

.70 

«o 

±0.34 

r-O.32 

/'.,       - 

f-I0.70 

( 

4427.266 

4465.975 

l\i      - 

h  0.15 

Ti  standards  used  \ 

4496.318 

4527.490 

Reduction  to  Sun 

4-k 

J.Sq 

( 

4590. 126 

4590. 126 

Radial  velocity 

-  " 

1.8 

266  EDWIN  B.  FROST  AND  WALTER  5.  ADAMS 

€  PEG  AS/—  A  364. 
1902,  July  31,  I9h  15°.  Honr  angle  W  o*  14° 

Star  spectrum  good;  comparison  spectrum  good. 


Velocity                ] 

Velocity 

Line.  Wave- Length 

Line,  Wave -Length 

in  Sun 

1 

in  Sun 

F. 

A. 

F. 

A. 

4427.420 

-3-52 

4497.O46 

-4-53 

—  5.20 

34.021 

4.67 

4500.451 

2.27 

42.510 

2.57 

01 .422 

2-93 

4.26 

45.641 

-4.38 

O5.OO3 

3-86 

47.892 

2.97 

I2.906 

3.26 

3.06 

49.313 

4.78 

27.518 

530 

56.030 

5-99 

28.798 

3.64 

3- 11 

57.656 

4.91 

46. 129 

5.28 

5-U 

59.922 

4.24 

48.938 

6.00 

547 

68.663 

1. 14 

2.35 

65.750 

545 

76.214 

4.02 

5.76 

74.899 

2.43 

82.376 

2.8l 

90.126 

3.85 

88.363 B 

4.21 

(16) 

(17) 

No.  of  compar.  lines 

17 

14 

Means 

-3-99        —409 

6 

±1.28 

±  I  .22 

Mean 

-4.04 

*o 

±0.32 

±0.30 

Va        +10.17 

\ 

4427.266 

4449-313 

Vd      - 

-  0.02 

Ti  standards  used  -J 

4481.438 

4512.906 

Reduction  to  Sun 

-fio.15 

( 

4544-864 

4590. 126 

Radial  velocity 

+  6.1 

1902,  August  7,  i6h  37m. 


e  PEG AS/—  B  379. 


Hour  angle  E  ih  55° 


Star  spectrum  good  ;  comparison  spectrum  good. 


4427.420 

+0.47 

4512.906 

—  2.26 

—2.46 

42.510 

+0.67 

+0.74 

15.475 

-3.85 

—  2.46 

47.892 

-0.34 

-1.08 

28.978 

—  1.26 

56.030 

-1. 61 

34-168 

-1.39 

«v-6s6 

-1.88 

46. 129 

-2.37 

-1.58 

68.663 

0.00 

-0.13 

48.024 

-0.33 

76.214 

-1.68 

-I. 41 

48.938 

—2.24 

-0.73 

82.376 

-3-01 

+0.27 

63-939 

—  0.20 

—0.85 

97.046 

-0.53 

65.750 

-2-43 

97.842 

—  0.20 

71275 

-0.98 

-2.76 

4501 .422 

—  r  -73 

-0.47 

(18) 

(15) 

No.  of  compar.  lines 

17 

13 

Means                —  1 .  27 

-1. 15 

c 

±1.24 

±1.06 

Mean             —  1 . 

21 

€0 

±0.20 

±0.27 

Va        +7.17 

Ti  standards  used  •] 

4427.266 

4443-976 

Vd     +0.16 

448I.438 

4512.906 

Reduction  to  Sun               +7 . 

33 

4544.864 

4572.156 

Radial  velocity                   +6. 

1 

STANDARD  VELOCITY  STARS 
tPEGASI  —  K  418. 
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1902,  October  9,  i6h  I4m.  Hour^ngle  W  ih  54m. 

Star  spectrum  a  trifle  faint ;  comparison  spectrum  fair. 


Velocity 

| 

Velocity 

Line.  Wave- Length 

|      Line,  Wave-Length 

in  5un 

.                 in  Sun 

1 

1 

F. 

A. 

F. 

A. 

4442.510 

+27.88 

4527.518 

+27.82 

+  26.82 

57.656 

+26.64 

28.798 

26.29 

59.922 

26.09 

34.168 

27.44 

60.460 

26.62 

44077  B 

24.81 

68.663 

28.72 

28.58 

4b. 129 

25.65 

27.64 

76.214 

27.87 

28.74 

|             47-196 

25.51 

90.900 

25.36 

48.024 

27.23 

95.664  B 

25.15 

4*>.938 

26.96 

27.29 

4501.422 

24.98 

65.750 

26.14 

12.906 

24.85 

25.52 
15 

(ID 

(14) 

No.  of  compar.  lines 

12 

Means 

+26.69       +26.64 

6 

±1.16 

±  1 .  34 

Mean 

+26.66 

Co 

±0.34 

±0.36 

Va        - 

-I9.98 

( 

4457-6oo 

4449-313 

vd    - 

-0. 16 

Ti  standards  used  \ 

4512.906 

4512.906 

Reduction  to  Sun 

—20.14 

( 

4552.632 

4555.662 

Radial  velocity 

+  6.5 

7  PJSC/UAf—B  381. 


1902,  August  7,  I9h  23" 


Hour  angle  E  oh  40" 


Star  spectrum  weak  ;  comparison  spectrum  fair. 


4427.420 
42.510 
43-976 
47.892 
56.030 
57.656 
68.663 
76.214 
82.376 
94.738 


No.  of  compar.  lines 


Ti  standards  used 


-28.85 
25.25 

26.90 
26.98 

30.94 
27.24 
25.80 
27.23 
27.62 


13 

±  1. 41 

±0.35 

4427.266 

4481.438 

4544.864 


-29.22 
27.30 

27-59 
29.67 
29.26 
29.95 
27-43 
29.02 


11 

±0.QQ 

±0.26 

4449-313 

4501-445 

4552.632 


4497.046 

-28.07 

-29-54 

4501.422 

26.64 

27.04 

08.455 

28.40 

12.906 

26.58 

15.475 

29.55 

26.644 

27.69 

28.798 

28.34 

27.75 

46.129 

26.91 

48.024 

27. 8S 

28.02 

54.211 

29 .  30 

(16) 

U5) 

Means  —27.55     —28.48 

Mean  —28.02 

Va   +16.59 
/',/  +  0.06 
Reduction  to  Sun  +16.65 

Radial  velocity  —11.4 
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7  PISCIUM—K  415. 
1902,  October  8,  I4h  38™.  Hour  angle  E  ih  21 

Star  spectrum  weak  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave-Length 

Line,  Wave -Length 
in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4441.881 

+O.I4 

4526.644 

+2.52 

+2.98 

42.5IO 

+3-44 

28.798 

+6.42 

+4-17 

47.892 

+0.88    | 

46. 129 

+1.91 

+4-35 

56.030 

-1. 21 

48.938 

+1.38 

57.656 

+2.15 

54.211 

+1.32 

59-304 

+  1.82 

1 

58.827 

+0.07 

68.663 

+4.  16 

+2.15  1 

65.750 

—  1. 12 

76.214 

+2.34 

+2.21      1 

71.275 

-0.98 

82.376 

+2.14 

+2-94     1 

72.156 

—2.56 

-2.16 

94-738 

+  I.33 

I 

97.046 

+4-00 

+  3.87     | 

81.634 

+3-73 

4501 .422 

+3-20 

+4.06    ; 

90.126 

-1. 31 

4512.906 

+3.12 

1 

(16) 

(17) 

No.  of  compar.  lines 

12 

1 
13 

Means 

+2.20 

+1.81 

c 

±1-94 

±2.19    | 

Mean 

+2. 

00 

Co 

±0.48 

±0.53    | 

Vm       - 

-12.85 

( 

4457.600 

4449.313 

Vd      +  0.12 

Tt  standard  used    -j 

4527.49O 

4527.490  | 

Reduction  to  Sun 

—  12 

•73 

( 

4590. 126 

4590.126 

Radial  velocity 

—  10 

•7 

7  P/SC/UAf—B  436. 

1902,  October  30,  I4h  39™.  *  Hour  angle  VV  oh  5°. 

Star  spectrum  very  good  ;  comparison  spectrum  a  trifle  strong. 


4427.420 
33-390 
34-021 

35.851 
42.510 
43.976 
47-802 
54.003  B 
56.030 
57-656 
60. 701 


No.  of  compar.  lines 


77  standard  used 


+  10.50 

1 1 .  36 
10.00 
13-03 

11.80 
9.69 

10.56 
II  .00 


+11.38 
12-37 

8.86 
12.49 
11.27 
11-93 

11.57 
10.70 


12       I         12       I 

±  1 .01    I     ±1 .00 

±0.25        ±0.25    I 

4427.266  I  4427.266 

44S1.43S    4481.438  I 

4527.400    4527.490  , 


4468.663 

+  12- 4S 

76.214 

+  11. 12 

10.79 

82.376 

I2.I8 

II. II 

94.738 

9-54 

9-54 

97.046 

II. 14 

IO.94 

4501.422 

12.92 

11-79 

08.455 

II. II 

12.906 

11.23 

15.475 

11.62 

28.798 

H.59 

12.  05 

(16) 

(I6) 

Means  +11.20      +11.27 

Mean  +11.24 

Va     —21.94 
Vd     —  0.01 
Reduction  to  Sun  — 21.Q5 

Radial  velocity  —10.7 


STANDARD  VELOCITY  STARS 
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SUPPLEMENTARY    STARS. 

1AVRIGAE  —  B446. 

1902,  November  6,  I5h30m.  Hour  angle  E  4h  I2m. 

Star  spectrum  good;  comparison  spectrum  good. 


Velocity 

Line,  Wave- Length 

in  Sun 

F. 

A. 

4427-420 

-j-2.30 

29.366 

+  2.23 

42.510 

5.80 

5.06 

47.892 

4.04 

56.030 

4.17 

2.09 

57.656 

2.35 

60.460 

4-03 

68.663 

8.25 

76.214 
82.376 


No.  of  compar.  lines 

€ 

Ti  standards  used  - 


2.61 
3.75 


Velocity 

Line,  Wave- Length 

in  Sun 

F. 

A. 

4497.046 

+3.40 

+4-40 

4501.422 

2.86 

3-40 

12.906 

2.86 

3-52 

18.I98 

4-45 

26.644 

1-32 

28.798 

3-58 

430 

46.129 

2.70 

48.024 

4.81 

(14) 

(12) 

±0.93    ' 

±0.27     , 

4427.266 1 

4481.438  'I 

4527.490 


Means  .    +3  64        +3.66 

Mean  +3. 65 

Va        +15.07 
Vd       +  0.26 

Reduction  to  Sun 


I   Radial  velocity 


+  15-33 
+  19.0 


^  LEON  IS—  B483. 

1903,  January  8,  2ih  56m.  Hour  angle  W  ih  36™. 

Star  spectrum  good  ;  comparison  spectrum  fair. 


4427.420 

—  9-96 

—  11.65 

4494.738 

-12.07 

-10.94 

35.851 

14.20 

12.  0} 

97.046 

10.67 

41.881 

8.71 

4501 .422 

9-33 

8-33 

42.510 

9.38 

08.45s 

10.04 

TO. 31 

43.976 

8.17 

15.475 

9.83 

47.892 

10.38 

".32    , 

28.798 

10.06 

954 

57.656 

8. 14 

8.01    ! 

46. 129 

10.88 

68.663 

973 

9 .  26 

48.938 

11 .60 

76.214 

10.79 

10.45 

54.211 

8.23 

82.376 

943 

9.30 

(14) 

(16) 

No.  of  compar.  lines 

12 

11 

Means 

—  10.20 

—  10.00 

e 

±1.53 

±1.32    ' 

Mean 

—  IC 

.  10 

^o 

±0.41 

±0.33 

!                         V«        - 

-15-57 

( 

4427.266 

4427.266 

Vd 

-   0.13 

T'i  standards  used  ■] 

4481.438 

4481.438 

Reduction  to  Sun 

+  15 

•44 

( 

4527.490 

4555-662 

Radial  velocity 

+  'f 

?•  ? 
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tf.EON/S—  A  427. 

1903,  April  8,  i6h  um.  Hour  angle  W  ih45m. 

Star  spectrum  good  ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave -Length 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4399.903 

+29.92 

4476.214 

+28.68 

4427.420 

+28.51 

30.61 

82.376 

+26.22 

27.43 

28.7H 

28.24 

97.046 

29.67 

30.67 

4I.88I 

27.34 

450I.422 

30.64 

31-77 

42.510 

30.17 

08.455 

31.73 

43.976 

29.28 

30.10 

15-475 

30.48 

47.892 

31.08 

31.41 

28.798 

32.38 

30.59 

57.656 

26.10 

27.18 

54-211 

32.06 

60.460 

28.18 

68.663 

29.45 

29.52 

(13) 

(15) 

No.  of  compar.  lines 

13 

II 

Means 

+29.69       +29.45 

c 

±2.01 

±1.51     J 

Mean 

+29.57 

€0 

±0.56 

±0.39 

Va        - 

-24.79 

( 

4427.266 

4399.935 1 

Vd        - 

-    O.I4 

Ti  standards  used  «< 

4481.438 

4457.600 

Reduction  to  Sun 

—  24.93 

( 

4552.632 

4527.490 

|   Radial  velocity 

+   4-6 

cLEOAVS—  A  443. 

1903,  April  22,  I4h  48'".  Hour  angle  VV  ih  14° 

Star  spectrum  good  ;  comparison  spectrum  good. 


4427.420 

+32.85 

+  32.04 

4482.376 

+35-99 

+35-59 

42.510 

33-28 

1              94.738 

32.35 

43-976 

36.03 

97.046 

3707 

47.802 

33-23 

35-73 

1         4501.422 

33-44 

50.030 

35.19 

35-13 

1              08.455 

32.66 

34-85 

57.050 

33  •  50 

33-77 

15-475 

33  07 

59.304 

34.16 

|              28.798 

3456 

32.25 

O0.460 

32-34 

1              47.196 

33-77 

OS. O03 

34.22 

35-23 

54-211 

34  63 

7O.214 

34-24 

36.05 

(14) 

(14) 

No.  of  compar.  lines 

M 

11 

Means 

+34.22 

+34-15 

c 

±1.23 

ii-53 

Mean 

+34 

.18 

*o 

±0.33 

±0.41 

Va           - 

-27.67 

Ti  standards  u>ed  -> 

4427.266 

4481.438 

4427.266 
4481.438 

Vd        - 
Reduction  to  Sun 

-  0. 10 

-27 

•  77 

4555.602 

4527.490 

Radial  velocity 

+  6 

•  4 
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1902,  October  16,  I7h  44m.  Hour  angle,  W  ih  50°. 

Star  spectrum  weak ;  comparison  spectrum  good. 


Velocity 

Velocity 

Line,  Wave- Length 

Line,  Wave-Length 

in  Sun 

in  Sun 

F. 

A. 

F. 

A. 

4456.O3O 

-4905 

4526.644 

-46.57 

57.656 

-46.55 

49.51 

27.518 

46.23 

60.460 

49.28 

28.798 

46.68 

-46.95 

68.663 

48.85 

49.32 

46.129 

43-99 

47.69 

76.214 

49.71 

49.19     | 

48.024 

48.66 

82.376 

47.70 

48.50 

48.938 

47-59 

97.O46 

48.OI 

1 

54.211 

50.96 

4501 .422 

49.76     ' 

65.750 

49.32 

I2.906 

51.03 

71.275 

48.61 

17.702 

46.80 

72.156 

(II) 

48.20 
(IS) 

No.  of  compar.  lines 

6 

9 
±2.20 

II 

±0.93 

Means 

Mean 

-47.87 
-48. 

-48.56 
22 

€0 

±0.66 

±0.24 

Va            +7.32 

( 

4457-6oo 

4455-485 

vd 

-0.04 

Ti  standards  used  \ 

4512.906 

4501.445 

Reduction  to  Sun 

+   7- 

28 

( 

4552.632 

4572.156 

Radial  velocity 

-40. 

9 

yCEPHEI—K  424. 

1903,  April  3,  I5h  41™  Hour  angle  W  ioh  54m 

Star  spectrum  good;  comparison  spectrum  a  trifle  strong. 


4400.577 B 

-31.89 

08.549 

33.05 

27.420 

32.31 

-31.97 

28.711 

30.74 

35-184 

32.46 

42.510 

33-14 

43-976 

33-87 

47.892 

32  -  63 

30.60 

56.030 

33-17 

57.656 

31-75 

31.01 

1 

No.  of  compar.  lines 

13 

10 

€ 

±1.26 

±1.05 

€0 

±0.34 

±0.28 

( 

4399-935 

4427.266 

7V  standards  used  -j 

4481.438 

4481.438 

( 

4555-662 

4527.490 

4459-304 

-30-53 

60.460 

-32.67 

6S.663 

30.26 

32.41 

76.214 

32.36 

32.96 

82.376 

30.91 

30.84 

94.738 

32.29 

31-43 

97.046 

32.54 

4528.798 

32.91 

32.65 

47.196 

Si  .00 

54.211 

28.51 

(14) 

(14) 

Means  —31.63      —32 

Mean  -31.88 

K      -9.23 

Vd        —0.02 
Reduction  to  Sun  —   9.25 

Radial  velocity  —41.  I 
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yCEPHEI—B'  501. 

1903,  May  6,  I7h  42m.  Hour  angle  E  8h  500 

Star  spectrum  good  ;  comparison  spectrum  good. 


1 
Velocity 

Velocity 

Line,  Wave-Length 

I 

Line,  Wave-Length 

in  Sun 

in  Sun 

1 

F. 

A.         , 

F.         ,         A. 

4427.420 

-38.06 

-39.42 

4482.376 

—  4^.27    I—3900 

28.711 

38.59     1 

94-738 

1      37.56 

42.510 

37.12 

38.20     1 

97.046 

38.47         39-oi 

43-976 

38.67     , 

4501.422 

4163    1 

47.892 

39.64 

39.50     ' 

17.702 

1      38.16 

56.030 

39-16 

39-43     | 

22.853 

3991    1 

57.656 

37.60 

38.01 

28.798 

37.41    1      37-75 

60.460 

38.25  ! 

46.129 

39-37 

68.663 

36.30 

37.84  1 

48.938 

38.10 

76.214 

37.86 

38.32 

54-211 

38.45 
(15) 

(15) 

No.  of  compar.  lines 
c 

13 
±1.38 
±0.36 

12 

±0.64 
±0.16 

Means 

Mean 

Va            ~ 

-38.62      -38.51 
-38.56 
-306 

( 

4427.266 

4427.266 

Vd         +0.00 

Ti  standards  used  \ 

4481.438 

4555-662 

4481.438 
4527.490 

Reduction  to  Sun 
Radial  velocity 

—   3.00 

( 

—41 .6 

SUMMARY. 

The  results  of  the  above  detailed  reductions  are  summarized 
in  the  following  table.  The  values  obtained  by  the  two  observers 
are  placed  in  parallel  columns,  followed  by  the  difference  between 
the  two  for  each  plate.  In  the  last  column  is  given  the  mean 
of  both  determinations,  and,  finally,  at  the  foot  of  the  summary 
for  each  star  are  found  the  results  derived  from  all  of  the  plates. 

In  the  final  determinations  given,  those  for  ft Leporis  and 
1  Aurigae  are,  of  course,  entitled  to  low  weight,  since  but  one 
plate  has  been  measured  in  the  case  of  each  star.  Among  the 
other  stars  of  the  list,  the  result  obtained  for  a  Crateris  is  prob- 
ably subject  to  the  greatest  uncertainty:  the  low  altitude  and 
photographic  faintness  of  the  star  have  made  it  a  difficult  object, 
and  all  of  the  plates  secured  have  been  too  weak  for  the  most 
accurate  measurement.  A  few  of  the  plates  of  7  Aquilae  and 
7  Piscium  are  also  somewhat  weak,  but  in  a  less  degree. 

The  excellent  agreement  of  the  values  of  the  two  observers 
for  each  plate  of  eLeonis,  but  unusually  large  discordance  in  the 
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results  given  by  the  different  plates,  might  lead  one  to  suspect 
that  the  range  of  1.8  km.  may  be  real,  but  a  much  larger  num- 
ber of  plates  would  be  required  before  a  definite  conclusion  could 
be  reached  on  the  subject.  The  range  in  the  values  obtained  for 
a  Persei  we  consider  to  be  due  to  the  character  of  its  spectrum. 


a  ARIETJS. 


Series  and 
Number 

Date 

F. 

A. 

,,... 

Mean 

B  420 
B430 
B465 

1902,    October    9 

October  29 

November  27 

-13-23 

—  ".38 

-  I4.OI 

-13-40 
-13-99 
—  14. 12 

+0.17 
+0.61 
+0.11 

-I3-3 
13-7 
14. 1 

1902.84 

-13-5 

-13-9 

+0.30 

-13-7 

0  PERSEI 

1902,      August    7 

October  29 

November  19 

-2.14 
—  1 .63 
-3.18 

-1-45 
—  1 .  69 
-2.79 

—  0.69 
+0.06 
-0.39 

-1.8 
i-7 
3-o 

1902.77 

-2.3 

—  2.0 

-0.34 

—  2. 1 

B  382 
B431 
B45S 


/3  LEPORJS. 


B  449 


1902,  November  6 


-12.55 


1902.85 


—  12.6 


+0-35 


+0.35 


-12.4 
12.4 


P  GEM  I NO RUM. 


B477 
A39S 
A  426 


1902,  December  31         +2.83 

1903,  February    5         -+3.31 

Apri'l    8        +3-44 


1903.12 


+3- 


-0.94     I       +3.3 
-0.36  3.5 

—  0.13     I  3-5 


-0.48 


+3-4 


a  CRATER  IS. 


B  491 
A  438 
A  444 


1903,  February  4 
April  16 
April  22 

1903.23 


+46.09 

+47.28 
+48-0; 

+  47-4 


+47-65 
+  17-20 
+47.12 

+47-4 


- 1 .  56 
—  0.01 

+I-S2 

+0 .  08 


+4b.9 

47-3 
4S.0 

+  47-4 
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a  BOOTJS. 


Series  and 
Number 

Date 

F. 

A. 

F.-A. 

Mean 

A  373  ' 

B492 
B497 

A  433 
B'  499 

1902,  September    6 

1903,  February    4 

March  24 

April    8 

May    6 

-4-19 
-4.48 
-5-51 
-4-55 
-4.87 

-4.81 
-4.38 
-5.02 
—  S.20 
-5.24 

+0.62 
— 0.10 
-0.49 
+O.65 
+  0.37 

-4-5 
4-4 
5-3 
4-9 
5-1 

1903.12 

-4.7 

-49 

+0.22 

-4-8 

/3  OPHIUCHL 


B378 
A  451 
B'  508 


1902,  August    7 

1903,  April  30 

June  26 


1903.14 


-10  87 
-11. 71 
-11.27 


-". 3 


—  10.60 

—  11.27 
-10.77 


—  10.9 


—0.27 
-0.44 
—0.50 


—0.40 


—  10.7 
11. 5 
11. 0 


— 11. 1 


y  AQUILAE. 


B398 

B417 

B'  509 


1902,  August  27 
October  19 

1903,  June  26 


1902.98 


-1. 01 
-1.67 
-1.66 


-1.4 


-I.83 
—2.88 
—2.05 


—2.2 


+0.82 

tI.2I 
0-39 


+0.8I 


-1.4 
23 

1.8 


-1.8 


e  PEGASI. 


A  364 
B379 
B418 


1902,       July  31 

August    7 

October    9 


1902.65 


+6.16 
+6.06 

+6-55 


+6.2 


+6.06 
4-6.18 
+6.50 


+6.2 


+0.10 
—0.12 
+0.05 


+0.01 


+6.1 
6.1 
6-5 


+6. 


7  PISCIUM. 


B  }Si 
B415 
13  436 


1902,  August  7 
October  8 
October  30 

1902.73 


—  IO.90 
-10.53 
-10-75 

—  10.7 


-11.83 

—  10.92 
-10.68 

—  11. 1 


+0.93 
+0.39 
—0.07 

+0.42 


-11. 4 
10.7 
io. 7 

—  10.9 
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B483 
A  427 

A  443 


SUPPLEMENTARY    STARS. 
1  AURIGAE. 


Series  and        1                   D 
Number         !                   Uatc 

1 

F. 

A. 

F.-A. 

Mean 

B446 

1902,  November  16 

+  18.97 

+  18.99 

—  0.02 

+  19.0 

1902.85 

+  19.0 

+  19.0 

—  0.02 

+  19.0 

e  LEONIS. 

1903,  January  8 
April  8 
April  22 


1903.20 


5.24 
—4.76 
+6.45 


+5-5 


+5-44 
+4-52 
+6.38 


+5-4 


—  0.20 
+0.24 
+0.07 


+0.04 


+5-3 
4.6 

6-4 


+5-5 


7  CEPHEI. 


B428 
A  424 
B'  501 


1902,  October  16 

1903,  April    3 

May    6 


1903.13 


-40.59 
-40.88 
-41.62 


-41.0 


-41.28 

-41.39 
-41.51 


-41.4 


+0.69 
+0.51 
— 0.11 


+0.36 


-40.9 
41. 1 
41.6 


-41.2 


An  examination  of  the  above  results  for  systematic  differences 
between  the  two  observers  indicates  a  slight  tendency  for  F.  — A. 
to  be  positive.  A  general  mean  for  all  of  the  stellar  plates  (37) 
gives  F.  — A.  a  little  less  than  +0.10  kilometers.  It  is,  however, 
extremely  doubtful  whether  this  is  to  be  considered  as  other 
than  accidental,  as  it  is  chiefly  due  to  the  abnormally  large  posi- 
tive differences  given  by  two  somewhat  inferior  plates  of 
7  Aquilae.  Accordingly  it  would  seem  that  the  personality  errors 
are  pretty  evenly  balanced  in  this  series  of  measures;  particularly 
when  the  possibility  is  considered  of  errors  due  to  the  regular 
difference  in  the  corrections  applied  for  curvature. 

No  evidence  is  shown  in  the  results  given  above  of  any 
dependence  of  the  value  obtained  upon  the  position  of  the  spec- 
trograph in  reference  to  the  pier  of  the  telescope.  Of  other 
instrumental  causes  which  might  give  rise  to  errors,  temperature 
changes  may  be  regarded  as  eliminated,  as  a  brief  examination 
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of  the  Journal  of  Observations  will  show.  Possible  errors  arising 
from  changes  in  the  electrical  conditions  of  the  comparison 
spectrum  apparatus  may  also  be  disregarded,  as  this  has  remained 
without  essential  modification  during  the  entire  interval  covered 
by  the  observations. 

Spectrographic  determinations  of  the  radial  velocities  of  four 
of  the  stars  in  the  principal  list,  and  of  one  of  the  supplementary 
list,  have  been  published  since  Vogel  and  Scheiner  obtained  their 
results  in  1 889-90.  These  are  collected  in  the  following  table. 
For  convenience  in  comparison,  the  value  we  have  found  for  each 
star  in  this  paper  is  repeated  immediately  below  its  name. 


Observer 


Velocity 


a  A  rietis 
-13-7 


a  Per  set 
—  2.1 


a  ftootis 
-4-8 


«  Petfasi 

-  6.2 


:  Leon  it. 
-5  5 


Campbell 

Adams 

Newall 

km 
-14. 1 
-X3. 7 
-M-3 

Campbell 

VokcI 

Newall 

-  2.4 

-  3  2 

-  2.6 

Frost  and  Adams 

-  4-3 

Newall 

-   5-8 

Campbell 

+  5-7 

Wright 
Adams 

f  5-1 

t-  4-o 

Epoch 

No.  of 

Plates 

Range                            Reference 

1896.8 
1901.9 
1902.8 

1897.8 
1901.0 
1903.8 

4 
1 
3 

♦ 
13 
14 

km 

0.6       ASTROPHYSICAL  JOURNAL,  8,  150,  iSjS 
...     |  ASTROPHYSICAL  JOURNAL,  15,  24,  1902 

2.8     Monthly  Notices,  63,  298,  1903 

1.7     Astrophysical  Journal,  8.  150.  1893 
3.3  1  Astrophysical  Journal,  13,  32a,  1901 
5.7  1  Monthly  Notices,  63,  298,  1903 

1902.3 
1903 .4 
1897.8 

1899.4 

1900.8 


2.7 
0.9 


Publications  of  the  Yerkes  Observa- 
tory, a.  35,  1903 
Monthly  Notices,  63,  298,  1903 

ASTROPHYSICAL  JOURNAL,  8,  X50.  1898 

Astrophysical  Journal,  11,414,  xgoo 

ASTROPHYSICAL  JOURNAL.  15,  25,  1902 


To  us  a  surprising  difference  in  the  above  comparison  is  that 
of  0.5  km  between  our  earlier  measures  of  eight  plates  of  a  Bootis 
and  the  five  plates  of  this  paper.  We  attach  greater  weight  to 
the  present  series,  on  account  of  the  improved  method  of  insur- 
ing the  uniform  illumination  of  the  collimator  lens  by  the  light 
from  the  spark.  But  the  range  in  velocity  observed  in  either 
series  is  larger  than  might  be  expected  for  a  star  having  such 
well-defined  lines. 

There  would  appear  to  be  a  slight  tendency  toward  a  syste- 
matic difference  between  our  results  and  those  of  other  observers, 
in  the  direction  of  a  larger  positive,  or  smaller  negative,  value  for 
our  velocities.  The  amount  is  so  small,  however,  and  the  quan- 
tity of  material  with  which  comparison  may  be  made  is  at  present 
so  meaner,  that  no  certain  inference   can   now  be  drawn.     An 
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investigation  of  this  and  of  many  other  matters  of  interest  will  be 
possible  as  the  results  of  other  participators  in  the  co-operation 
are  published.  It  is  known  that,  owing  to  changes  being  made 
in  their  spectrographs,  at  least  two  of  those  planning  to  co-operate 
have  been  unable  to  carry  out  the  program  during  the  past  year, 
but  expect  to  do  so  during  the  present  year.  A  general  compari- 
son of  approximately  contemporaneous  results  by  all  participators 
will  therefore  not  be  available  until  later,  but  we  have  thought 
that  the  prompt  publication  of  our  results  would  nevertheless  be 
of  service.  We  shall  continue  our  observations  this  year,  follow- 
ing the  program  as  closely  as  possible. 

Yerkes  Observatory, 
August  27,  1903. 


ON   THE   SPECTRA   OF   IMPERFECT   GRATINGS. 

By    A.    A.    MlCHELSON. 

It  will  be  convenient   to  consider  separately  gratings  which 
act  by  opacity  and  those  depending  on  retardation.     The  sim- 
plest case  of  the  former  may  be  represented  by  the  expression 
y  =  a  cos  ks  -\-  b  sin  ks  ,'  (i) 

in  which  y  represents  the  reflection  (or  transmission)  factor  at 
any  point  s  of  a  line  perpendicular  to  the  rulings,  and  k  —  2ir/<i, 
where  a  is  the  constant  grating-space. 

If  a  plane  wave-train  of  frequency  n/2ir  fall  normally  on 
such  a  grating,  the  effect  in  a  direction  making  an  angle  0  with 
the  normal  will  be 

J  yds  cos  (nt—  d) 


where 


8  =  ^sin0  . 

A 


or 


The  intensity  of  the  diffracted  light  is 

/^  [fyds  cos  dj+  [fyds  sin  8]"  (2) 

I "  —  a2  T  f  cos  ks  cos  9  <isY+  b*  [  f  sin  ks  sin  B  dsX . 
The  integrals,  taken   from    —  »   to  00  ,  have  sensible  values 
only   at  sin  0=  it-,  and  the  intensity  in  these  directions  is 

If  the  grating  cannot  be  represented  by  a  simple  sine  curve, 

let 

y  -     %am  cos  mks  +  ^bm  sin  mks  . 

This  value  substituted  in  (2)  gives 

fm  :=  <fm  +  b2m 

in  directions  such  that  sin  $  =  ±:  —  . 

<r 

1  T<>  avoid  negative  values,  a  constant  should  be   added,  but  this  affects  only  the 

central  image  and  not  the  lateral  spectra. 
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As  an  illustration  suppose  y  =  1  from  s  =  o  to  s  =  -  <r,  and 

y  =  o  from  s  =  -  a-  to  s  =  o\ 
•^  2 

The  value  of  the  coefficients  in  the  series  for  y  will  then  be 

am  =  o  ,     £<>  =  -,     ^1=^=1   t     £,=  0  ,     bz=-  ,     etc. 
2  3 

IT* 

The  intensities  of  the  spectra  will  be  in  the  proportion  of  — 

for  the  central  image  and  1,  0,  -  ,  0,  — ,  etc.,  for  the  spectra  in 

their  order,  in    agreement  with    the    results  obtained   by  Lord 
Rayleigh.1 

In  the  case  of  a  reflection  grating  the  retardation  is 

8  =  VL{S  Sin  0  -y  (1  +  cos  0)]  * 

A 

and  the  effect  in  a  direction  0  will  be 

jds  cos  (nt  —  d)  .  (3) 

The  intensity  will  be 

/=  [  jds  cos  aj+  [fds  sin  dj  .  (4) 

Putting 


cos  —  ( y  .  2  cos'  - )  =  2#  w  cos  mks 


\y.2  cos'-) 

I  >' .  2  cosa-l  =  2£*  sin  wf&f  , 
also 

and 

^(*;  +  sin  «)=/>', 

x Lord  Rayleigh  Scientific  Papers,  Vol.  III. 

2ir 
*For  a  transmission  grating  3  —  ~r  \sn  *in  0+j'  (1  —  n  cos  0)]  . 


and 

27T 

sin  — 

A 
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The  limits  being  infinite,  /has  finite  values  only  at/  =  o  and  at 
/'  =  0,  or  for  sin  6  =  m\/a  and  sin  6  =  —mX/a.  For  the 
former 

I=(am+bmy 

and  for  the  latter  /'=  (am  —  ^w)a  . 

If  am  =  bm,  all  the  negative  spectra  vanish.     If  of  the  positive 
spectra  all  are  to  vanish  except  the  wth,  then 


which  gives 


cos  —-  I  y  .  2  cos3  -  J  =  cos  mks  , 
sin—-  ly.2  cosa-l  =  sin  mks  , 

j.«  —  (x  +  «cr)  tan  -  0  . 


(6) 


The  section  of  the  grating  surface  is  that  represented  in 
Fig.  i.  It  is  essentially  the  arrangement  of  plates  in  a  reflecting 
■echelon. 


(7) 
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In  actual  gratings  the  ruled  space  is  limited,  and  the  spectrum 
of  a  homogeneous  source  will  not  be  a  line,  but  an  image  of 
finite  width.  It  is  proposed  to  find  the  distribution  of  light  in 
this  image  for  any  given  grating.  This  distribution  can  be 
affected  only  by  the  imperfections  of  the  ruling  (e.  g.  changes  in 
the  strength  of  the  lines  or  in  their  spacing),  but  not  by  the 
character  of  the  furrow.     We  may  therefore  let 

y  =  <l>(s)  cos  mks  -f-  \ff{s)  sin  mks  =f(s)  . 

By  Fourier's  formula 

/*00 

f{s)  =   I        (CCOS  asda  -j-  Ssin  asda)    , 
/(A)  cos  a\d\  , 

00 
^•00 

and  •$=  I     /(X)  sin  aXd\  . 

•I  —  00 

A  single  element  oif(s)  is  therefore 

Ccosclt  +  Ssin  as  ,  (7') 

which  gives  a  spectrum  in  a  direction 

sin  8  =  ±  cq.     whose  intensity  is     /=  C*-\-  S9  .  (8) 

If  the  spacing  is  exact,  ty  --  C<f>,  whence 

/=  [f<t>(\)  cosfi\d\J+  f  f ^(X)  sin  J>\d\J  , 

where  p  =  tnk  dz  a.      The    spectrum    images    are    always    sym- 
metrical. 

If  the  spacing  is  not  exact,  but  the  strength  of  the  rulings  is 
constant,  the  usual  case  in  actual  gratings, 

f(i)  -  -  cos  (ks  —  oj)  , 

<^  =  cos  co  ,     $  —  sin  to  ,     C—  j  cos  (w  —  />\)d\  , 

S—    j  sin  (a)  —  p\)d\  ; 
hence 

/--=  [/cos  (oi-/>X)d\J+  [/sin  (w-/xyx]a  .  (9) 

The  spectral  images  are  generally  unsymmetrical. 
One  form  of  spacing  error  which  doubtless  occurs  in  practice 
is  that  caused  by  the  sudden   release  of  strain   in   some  part  of 
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the  course,  thus  producing  a  "slip"  in  all  the  subsequent  rulings. 
Such  a  case  may  be  represented  by  putting  o>  =  — a  from  — /to 
o  and  g>  —  a  from  o  to  /.     These  values  substituted  in  (9)  give 


C—  -  (sin  a  —  sin  {a  —pi)) 


(10) 


The  intensity  curve  which  is 
given  by  squaring  this  ex- 
pression   is    represented    in 

Fig.    2 


for  a  =  o,  -  7T,  -  7Tt 


3  j   4 

-Tr.and  -7T. 

The  minima  are  readily 
found  by  putting  C  =  0, 
which  gives 

2«  +1 


pi=2(a^^L±l^ 


in) 


The  maxima  may  be 
obtained  by  differentiating 
(10)  for  p  and  equating  to 
zero.  It  can  be  shown,  how- 
ever, that  the  result  is  given 
with  an  error  less  than 
0.0027T  from  a  —  77*/ 2  to 
a  =  — 7r/2  by  the  expres- 
sion 


/,/=■*(«■ 


mr) 


(») 


If  A  is  the  actual   linear 

displacement  of  the  rulings, 

:J  a  =  27t///<t.      Substituting 

this  value  in  (12),  restoring 

a  =  k — p  and  remembering 


Fir.. 


that  sin  6  =  — a,  we  have 

27T 


sin0=.--^- 


2  /<r"+'4   / 
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For  h  =  o  and  n  =  o,  sin  0O=  X/<r,  whence 

sinfl-sinfl0=cosWtf  =  -(4-5^   . 

<r\2/        4    /  / 


dX 

d0 

3* 
2  / 

3*0* 

X 

tan  $ 

4   / 

If  the  observations  are  made  in  the  ///th  spectrum,  a  must  be 
replaced  by  a/m.     Put- 
ting   also    2/—  Na    we 
have 

~  =  -3  (-  -  —\ 
X        N  \<r       2m) 

Treating  (11)  in  a  simi- 
lar way, 

djX 4    ///       2n  +  i\ 

X    ~~  iV  \<r  4;//     / 

These  expressions 
represent  the  percent- 
age error  due  to  setting 
on  the  maximum  and 
the  minimum  respect- 
ively. The  graphs  of 
these  errors  are  repre- 
sented in  Fig.  3  by  the 
systems  of  straight 
lines. 

The  actual  phase 
which  may  be  selected 
for  measurement  will, 
however,  depend  large- 
ly on  the  observer. 
When//  is  small,  this  will  be  the  brightest  part  of  the  line,  and 
the  error  will  be  represented  by  the  lines  of  lesser  inclination; 
while  if  //  is  nearly  one-fourth  of  the  grating  space,  the  minimum 
would  be  selected,  and  for  values  between,  the  measurements 
would  be  uncertain,  with  a  tendency  to  setting  on  the  "center 
of  gravity." 

This   surmise    is    amply   verified    bv    observation.       For  this 
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purpose  a  grating  was  mounted  on  a  spectrometer,  and  a  pair  of 
plane-parallel  glasses  was  placed  in  front  of  the  collimator  lens. 
One  of  the  plates  could  be  rotated  through  a  measured  angle, 
thus  introducing  in  the  corresponding  half  of  the  field  any 
required  retardation.     The  results  are  shown  in  Fig.  4. 

The  curves  from  this  and  other  observations  are  repeated  in 
Fig.  3.  If  a  vertical  line,  for  instance  that  at  <z  =  0.1571*,  be 
drawn  through  the  curves,  th<?  intersections  will  correspond  to 
errors  of  4.0,  3.5,  2.0  and  —1.5  twentieths  respectively.  The 
constant  error   introduced   in    comparing  the   second   with  the 
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Fig.  4. 

third  spectrum  will  be  0.1,  while  between  the  third  and  fourth  the 

error  will  amount  to  0.17.      If  a  =  -irt  corresponding  to  //  =  -<rf 

the  error  introduced  in  comparing  the  first  spectrum  with  the 
second  will  be  0.5.  The  absolute  error  depends  on  the  number 
of  lines  in  the  grating.  If  this  be  100,000,  these  errors  will  be 
1,  1.7,  and  5  parts  in  a  million  —  quantities  of  the  same  order  as 
those  given  by  Perot  and  Fabry,1  indicating  a  systematic  error 
in  Rowland's  table  of  wave-lengths. 

If  the  ruling  is  affected  by  a  periodic  error,  the  spectral  lines 
are  accompanied  by  ghosts.  The  elementary  explanation  has 
long  been  known,  but,  so  far  as  I  know,  no  general  theory  has 
been  proposed  which  furnishes  a  relation  between  the  character 
of  the  periodic  error  and  the  intensity  of  the  ghosts. 

The  result  in  its  widest  generality  would  be  obtained  by  sub- 
stituting for  cf)  and  yfr  any  periodic  functions;  but  it  will  serve  our 
purpose  if  (f>  is  even  and  yfr  is  odd. 

lComfft  f  /\cut!u$%  133,  153,  1 90 1. 
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Putting  <f>(s)=  1aq  cos  qs  and  yfr(s)  =  ^bq  sin  qs  in  (7),  we  obtain 
C=  Jaqcos(q  —  p)\d\  -f-  y>q  sin  (q—p)  \d\  , 
-f-J^cos  (q-\-p)\d\  —   1jf>qs'm(q+p)\d\  , 

If  the  number  of  periods  is  large,  the  value  of  C  will  be 
appreciable  only  in  the  vicinity  of  p  =  q  and  p  =  —  q}  and  in 
these  directions  the  intensity  will  be 

Iq  -=  C;  =  (<7,  -r  bq  Y     and     /;  -  -  (aq  —  bg  )9 
or 


4 


I"     /*2W  /,2JT  -12 

—  I    I     *£(***)  cos  ^'^  "f"  I    ^fa)  sm  Vs  ds  I 
7'  =r  I    I     <£(j)  cos  qsds  —    I    ^(V)  cos  qsds  I 


('3) 


If  bq  =  o,  the  ghosts  are  symmetrical  about  the    principal  line. 
If  aq—bq,  the  ghosts  on  the  side  of  p  —  —  q  vanish. 

If    the     only   error    is    that    due     to     unequal     spacing,    let 

<f>(s)  =  cos  co  and  ty(s)  — -  sin  o>,  then,  if  q  -  -  —  -  ,  where  i"  is  the 
period  of  the  error,  and  m  -—  1,  2,  3   .   .   . 

tff/  —  I     cos  a)  cos  yj//f  ,     bq  =-;  I     sin  cd  sin  $w */f  , 

»/  o  »./ o 

7^  =  I    I     cos  (to  —  qs)  ds  I   ,      /J    -  I    I     cos  (a>  +  ^jt)  <&  I   . 

As  an  illustration  take  co  =  lis  from  o  to  S ;  then 

/    sin  hS   V  .       ,,       I    sin  hS    Y 

4-:(tc )       and      /w  =  l7       -    —  1   . 

\IlS  —   27TW/  \//.S    +   27T//1/ 

The  ex]>ression  (4)  represents  the  intensity  of  the  reflected 
light,  whether  the  surface  be  furrowed  or  not.  For  normal 
incidence,  therefore,  the  intensity  of  the  diffraction  image  is1 

/=-  [  I  ds  cos  (2  my  cos  0  —  ms  sin  0)  |  -f- 

)  ds  sin  {2 my  cos  0  —  //is  sin  0)\ 

1  A  more  general  expression  including  both  absorption  and  retardation  is 
/=  C3  +  53,  where 

C  =  j  f{s)  cos  (u  —  p$)t/s    and     S=    (  J  is)  sin  (w  —  fs)</s  . 
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But  if  we  replace  2tny  cos  0  by  a>  and  m  sin  6  by  p,  this  is  the 
same  as  (9),  save  that  /  is  now  single-valued.  Hence  all  the 
preceding  results  except  those  relating  to  the  form  of  the  furrow 
may  be  applied  to  the  case  of  smooth  surfaces  such  as  mirrors 
and  prisms. 

Ryerson  Laboratory, 

University  of  Chicago, 
October  1903. 


SOLAR  PROMINENCES  AND  TERRESTRIAL  MAG- 
NETISM. 

By   A.    L.   Cortie,    S.J. 

Recent  researches  with  regard  to  the  relation  which  exists 
between  Sun-spots  and  terrestrial  magnetism,  while  confirming 
the  general  connection  between  the  two  classes  of  phenomena 
established  by  Mr.  Ellis  and  Canon  Spee,  have  emphasized  the 
conclusion  that  this  relation  is  not  one  of  efficient  cause  and 
effect.  Such  is  the  outcome  of  the  comparison  of  the  magnetic 
storms  recorded  at  Stonyhurst  and  the  greater  solar  spots  made 
by  Father  Sidgreaves,  and  the  analysis  of  the  Kew  magneto- 
grams  for  the  period  of  eleven  years  recently  concluded  and 
published  by  Dr.  Chree.  The  same  conclusion  was  set  forth  in 
a  former  paper  by  the  writer  on  "Minimum  Sun-spots  and  Ter- 
restrial Magnetism,"1  which  contained  a  detailed  study  of  the 
individual  Sun-spots  and  the  magnetic  curves  for  the  period 
1899-1901.  There  is  an  undoubted  general  connection,  not  a 
mere  series  of  coincidences,  between  Sun-spots  and  magnetic 
storms,  but  the  supposed  direct  action  of  Sun-spots~is  in  indi- 
vidual cases  so  capricious  and  irregular  that  it  is  doubtful 
whether  they  can  be  regarded  as  even  instrumental  causes  of 
the  magnetic  storms.  The  existence  rather  of  a  common  cause 
is  indicated  by  the  observations,  which  acts  sometimes  on  the 
Sun  causing  spots,  sometimes  on  the  magnets,  and  sometimes  on 
both  Sun  and  magnets. 

But  the  question  has  been  raised  more  than  once,  and  recently 
in  a  paper  on  "The  Relation  between  Solar  Prominences  and 
Terrestrial  Magnetism"  by  Sir  Norman  and  Dr.  Lockyer,2 
whether  solar  prominences  may  not  supply  the  places  of  spots 
in  those  cases  in  which  great  or  active  magnetic  storms  occur 
without  the  presence  of  any  spot.  The  curves  presented  in  the 
paper  show,  as  was  to  be  expected,  that  at  times  of  Sun-spot 
maximum  activity  the  disturbance  is  general,  and  extends  even 

1  ASTROPHYSICAL  JOURNAL,  16,  20^-210,  I902.  2  Proc.  R.  £.,  71,  244,  I903. 
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to  prominences  in  high  solar  latitudes,  the  curve  of  annual  fre- 
quency for  such  prominences  bearing  a  very  striking  similarity 
to  that  of  great  magnetic  disturbances ;  that  is,  disturbances  in 
which  the  range  of  the  declination  magnet  is  greater  than  6o\ 
as  deduced  from  Mr.  Ellis's  observations.  But  we  would  submit 
that  this  fact  does  not  show  that  solar  prominences,  and  in  par- 
ticular those  in  high  solar  latitudes,  possess  any  special  virtue  or 
efficacy  in  the  causation  of  magnetic  storms  not  possessed  by 
Sun-spots,  and  does  not  warrant,  of  itself,  the  conclusion  that 
prominences  may  cause  magnetic  storms  in  the  absence  of  Sun- 
spots.  Rather  is  it  not  only  one  manifestation  of  the  increased 
solar  external  activity  which  is  displayed  in  greater  and  more 
numerous  spots,  and  increase  in  number,  latitude,  and  extent  of 
both  prominences  and  coronal  streamers  ? 

Observations  of  the  prominences  and  chromosphere  were 
taken  at  Stonyhurst  during  the  years  1880-92,  and  in  the  Obser- 
vatory for  March  1893  will  be  found  the  curve  of  profile  area  of 
the  prominences,  compared  with  the  curve  of  Sun-spot  surface 
deduced  from  the  Greenwich  records  for  the  whole  period  of 
the  observations.  The  accord  of  the  two  curves  is  very  striking, 
and  corroborates  what  was  known  before,  that  the  activity  of  the 
prominences  is  in  direct  proportion  to  the  activity  of  Sun-spots. 
Now,  both  Canon  Spee  and  Mr.  Ellis  have  shown  the  complete 
similarity  of  the  curves  for  Sun-spot  frequency  and  magnetic 
declination  over  long  periods.  Mr.  Ellis,  too,  has  demonstrated 
that  the  Sun-spot  curve  is  also  identical  with  the  curve  of  fre- 
quency of  magnetic  storms.  Hence  it  follows  that  the  accord  of 
the  prominence  curves  and  the  magnetic  curves  is  no  proof  of 
the  causality  of  prominences  with  regard  to  magnetic  storms.  If 
it  were  possible  to  make  a  curve  of  isolated  solar  prominences 
and  then  show  that  such  a  curve,  to  the  exclusion  of  the  Sun-spot 
curve,  corresponded  to  the  curve  of  magnetic  storm  frequency, 
then  the  argument  would  have  a  greater  force.  But,  except  that 
they  occur  in  latitude  in  which  Sun-spots  are  not  found,  solar 
prominences  are  not  phenomena  isolated  from  spots  and  faculae. 
Nay  more,  it  is  only  one  class  of  solar  prominences  that  are  even 
separated    in    latitude    from    Sun-spots,    namely,    the    relatively 
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quiet,  as  distinguished  from  the  eruptive,  prominences.  For, 
with  regard  to  this  latter  class,  they  are  almost  entirely  confined 
to  the  Sun-spot  zones,  and  as  a  general  rule  accompany  outbursts 
of  spots  or  faculae.  To  take  one  period  as  an  instance,  namely, 
that  treated  of  by  Professor  Wolfer  in  the  Public ationen  der 
Sternwarte  des  Eidg.  Polytechnikums  zu  Zurich  (Band  III).  Of 
315  metallic  or  eruptive  prominences  included  in  the  lists  dis- 
cussed for  the  years  1893-95,  274,  or  86  per  cent.,  were  con- 
nected with  spots;  27,  or  9  per  cent.,  with  faculae;  while  only  14, 
or  5  per  cent.,  were  independent  of  spots  and  faculae.  Father 
Fenyi,  too,  in  the  publications  from  the  Haynald  Observatory  at 
Kalocsa,  calls  attention  to  the  same  fact,  though  the  converse  is 
not  true,  as  spots  and  faculae  have  frequently  no  accompanying 
eruptive  prominences. 

Nevertheless,  to  quote  from  Sir  Norman  and  Dr.  Lockyer's 
paper:  "The  magnitude  of  magnetic  storms  appears  to  vary 
according  to  the  particular  position  as  to  latitude  of  the  promi- 
nence on  the  Sun's  disk.  The  nearer  the  poles  (either  north  or 
south)  the  prominence  occurs,  the  greater  the  magnetic  storm, 
■  and  these  are  the  regions  where  no  spots  exist."  As  a  contribu- 
tion to  the  elucidation  of  this  point,  it  was  determined  to  study 
in  detail  all  the  more  noteworthy  prominences  of  some  selected 
period,  and  to  see  whether  they  exercised  any  effect  upon  the 
magnets  independently  of  the  spots  and  faculae.  Obviously  a 
minimum  period  of  solar  activity  is  the  best  for  this  purpose, 
first  because  in  a  maximum  period  it  is  impossible  to  unravel  the 
various  outbursts  of  spots,  faculae,  and  prominences,  and  appor- 
tion to  them  their  proper  magnetic  storms;  and,  secondly,  because, 
if  in  a  time  of  minimum  Sun-spots  an  extraordinary  prominence 
appears,  and  prominences  are  to  be  supposed,  for  the  sake  of 
argument,  to  be  the  cause  of  magnetic  storms,  it  ought  to  be 
accompanied  by  at  least  an  active  movement  of  the  magnets.  It 
was  intended  to  study  the  four  years  1887-90,  for  which  an 
excellent  series  of  observations  with  detailed  descriptions  of  the 
greater  outbursts  has  been  published  by  Father  Fenyi  at  Kalocsa, 
but  as  the  work  of  comparison  is  rather  laborious,  the  results  for 
only  two  years  have  been  gathered  together  in  the  following  table, 


290  A.  L.  CORTIE 

which  contains  details  with  regard  to  forty-eight  prominences. 
The  principle  of  selection  has  been  to  admit  such  as  were 
especially  noteworthy  either  on  account  of  their  eruptive  nature, 
or  the  displacements  of  their  spectrum  lines,  or  were  of  a  height 
equal  to  or  greater  than  ioof  Their  character  as  eruptive  or 
non-eruptive  is  indicated  in  the  third  column,  their  maximum 
height  or  displacement  and  their  heliographic  co-ordinates  being 
given  in  other  columns  of  the  table.  In  the  columns  devoted  to 
the  readings  of  the  curves  of  the  declination  magnet,  the  first 
gives  the  maximum  diurnal  range  for  the  date  on  which  the 
prominence  was  observed,  the  second  the  intensity  of  the  storm, 
if  any,  observed  within  three  days  before  or  after  the  prominence 
was  seen,  and  the  third  the  date  on  which  the  magnetic  storm 
occurred.  In  Mr.  Ellis's  discussion  of  Sun-spot  frequency  and 
magnetic  storms  an  active  storm  on  the  declination  magnet  is 
one  in  which  the  range  exceeds  30'  and  is  less  than  60',  while  a 
great  storm  is  one  in  which  the  range  exceeds  60.'  We  have  used 
the  corresponding  numbers,  3,  4,  etc.,  as  indications  of  intensity. 
In  the  last  column  are  given  the  Greenwich  numbers  for  such 
spot-groups  as  have  been  identified  as  connected  with  any  of 
the  prominences. 

Of  these  forty -eight  prominences  twenty-nine  were  either 
immediately  associated  with  spots  and  faculae,  or  occurred  in 
the  latitudes  frequented  by  Sun-spots.  This  number  includes  all 
the  so-called  metallic  prominences.  During  the  year  1887  there 
were  only  two  noteworthy  Sun-spot  groups  on  the  Sun;  those 
numbered  thirty-two  and  thirty-four  in  the  Stonyhurst  series. 
The  first  was  born  on  the  visible  disk  on  May  14,  and  after  five 
rotations  disappeared,  also  while  on  the  visible  disk,  on  August  4, 
but  in  the  next  rotation  there  was  an  outburst  in  such  close  prox- 
imity to  its  position  as  evidently  to  have  formed  part  of  the  same 
disturbance.  This  one  disturbance  covers  the  groups  numbered 
1978,  1987,  1992,  1998,  2006,  and  2010  at  Greenwich.  Its 
mean  longitude  was  920  and  its  mean  latitude  —8°.  At  its  first 
appearance  it  crossed  the  western  limb  on  May  22,  and  the  table 
shows  that  there  was  a  fine  metallic  prominence  seen  on  the 
limb,  which  also  showed  a  displacement  corresponding  to  no  less 
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Date 


July 


1887 

May  22 

June  6 

8 

23 

25 

26 

27 

I 

9 

16 

16 

18 

19 
20 
29 
30 
30 
30 

Aug.  12 
25 
29 
29 

Sept.  15 
18 

25  Oct.  12 

1888 

26  Jan.  10 
Feb.   1 

7 

17 
March  6 

7 

14 

20 

April  6 

16 

29 

May  II 

June   7 

July  13 

28 

Aug.  22 

Sept.  5 

6 

10 


45  Oct.  13 

25 
Nov,  26 

30 


Char- 
acter 


H. 

H. 

H. 

M. 

H. 

H. 

M. 

M. 

II. 

H. 
I  M. 
,  II. 
,  H. 

H. 

H. 

H. 

M. 

M. 

M. 

H. 

H. 

M. 

H 


X  V 


M. 

H. 

M. 

H. 

H. 

M. 

H. 

H. 

M. 

H. 

H. 

M. 

H. 

H. 

H. 

M. 

M. 

H. 

M. 

M. 

M. 

II. 

M.   ... 

II.   ... 

H.  ' 108 


49 

24 
137 

20 

22 
105 
165 

51 
113 
122 

125 
119 
246 


92 


106 


126 


24 

100 
101 


127 
100 

I  158 
I  & 

!  101 

I  152 

1  27 

120 


3  E 
.§8 

J*  a- 


km 
426 
135 


70 


,320 
85 


284 


184 

,  85 
;412 

133 
113 

57 
150 


102 
120 

145 
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D.TD 

^3 


90< 

75 

48 

30 

180 

169 

335 

275 

175 

265 

85 

58 

45 

210 

270 

259 

79 

280 

267 

97 

223 

40 

0 

320 

0 

76 
326 

68 
295 

58 
224 
3ii 
235 
179 
238 
246 
266 
271 
265 
3M 
325 
147 
147 
272 

197 
220 
159 
104 


*i 


X 


-  8"\V 
-12  E 

-  1  E 

+31  W 

-  7  E 

-  8  E 
-11  VV 

-  6  W 
-13  W 
-47  E 
+  8  \V 
+  2  W 
+22  W 
-17  E 
+47  W 
-12  W 

-  6  E 
-10  W 

-  6  E 

-  7  E 
+  1  W 
+21  E 

-  7  W 
-45  W 
+46  W 

-  8  E 
-10  W 
+18  E 

-  2  E 
+  11  E 
-49  W 

-  8  E 

-  9  E 
-17  W 
-37  E 

-  8  W 

-  6  E 
+58  K 
-22  W 

-  7  E 
+20  E 
-10  E 
-10  E 

-  8  \V 
-47  W 
+34  E 

-  9  E 
-23  E 


Magnetic  Declination 


Diur- 
nal 
Range 


1 0.0 

7-0 

3-1 

5-9 

7-5 

8.0 

8.0 

8.8 

15-8 

13.7 

13-7 

20.7 

11. 0 
9-2 
9.2 
9.0 
9.0 
9.0 

6-3 

12.8 

3i  -3 
31.3 

16. 1 
11. 0 
16.9 


Storm 


In- 
ten- 
sity 


Date 


3.0 

3 

I  .0 

0 

1.0 

0 

0 

9.0 

3 

15.6 

3 

3-i 

0 

3-0 

0 

1 3  ■  3 

3 

12.  q 

3 

II  .0 

0 

0.0 

3 

1 1 .2 

4 

9-5 

0 

i>.S 

0 

6.5 

0 

2.0 

0 

2.0 

0 

4.0 

0 

June  20 


Aug.  1 
Aug.  2 
Aug.  2 
Aug.  2 


Aug.  28 
Aug.  29 


Jan.  7 


March  9 
March  9 


April  4 
April  13 

May  7' 
June  3 


Greenwich  Nos. 
Spots  or  Faculsc 


1978 

1987  Faculse 

1988 

1991? 
1991 

Faculae? 
1991 

Facula?? 
1994 


1995  Faculae 
1999 

1995 

2001 

2006  Faculne 

2005 

Facula? 


2029 


2035 
Facuku 

2039 
2041 
Facukv? 

2051 

2052? 

2059  Faculne 
2061 

2070 
2070 


2076 
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a  velocity  than  426  km  per  second  in  the  line  of  sight.  The 
maximum  diurnal  range  on  the  day  was  10',  and  there  was  no 
disturbance  of  the  magnets  that  could  be  classed  as  active.  The 
other  prominences  of  the  table  connected  with  this  spot-group 
are  No.  2,  seen  on  its  second  entrance  on  the  disk,  again  without 
magnetic  storm,  and  No.  20,  also  without  storm  of  any  kind, 
the  maximum  diurnal  range  being  j'.o  and  12! 8  respectively. 
The  first  magnetic  storm  vyhich  occurs  at  any  date  near  to  that 
on  which  a  prominence  was  seen  was  on  June  20,  a  fine  isolated 
prominence  being  observed  on  the  twenty-third.  If  this  is  to 
be  considered  as  a  case  of  connection  of  isolated  prominences 
and  magnetic  storm,  the  next  big  prominence,  possibly  con- 
nected with  a  facula,  but  having  no  connection  with  spots, 
beyond  its  occurrence  in  the  spot-zones,  is  directly  opposed  to 
any  such  connection.  It  was  a  splendid  prominence  which 
changed  its  form  very  rapidly.  In  eleven  minutes  it  rose  from 
60"  to  163",  with  a  corresponding  line-of-sight  displacement  of 
the  C  line  indicating  a  velocity  of  320  km  per  second.  In  about 
seventeen  minutes  after  attaining  its  maximum  height  it  had 
practically  disappeared.  More  than  this,  as  the  table  shows, 
there  were  many  fine  prominences  observed  by  Father  Fenyi  in 
July,  and  Canon  Spee's  tables  deduced  from  observations  at 
Rome  and  Palermo  also  show  an  increase  in  number  of  promi- 
nences during  this  month.  Yet  the  magnets  were  very  quiet, 
and  remarkably  so  as  the  end  of  the  month  approached.  How- 
over,  at  the  end  of  the  month,  on  the  twenty-ninth  and  thirtieth, 
four  fine  prominences  were  observed,  three  connected  with  Sun- 
spot  groups,  one  of  which,  that  numbered  eighteen,  was  active 
all  day,  and  one  an  isolated  hydrogen  prominence  in  higher  lati- 
tudes. The  magnets  were  actively  disturbed  on  August  I  and  2. 
Is  the  connection  here,  if  any,  with  the  spots  or  with  the  one 
isolated  prominence  ?  Again  we  have  storms  on  the  magnets 
on  August  2$  and  29,  and  on  the  twenty-ninth  two  fine  promi- 
nences are  observed,  one  connected  with  a  Sun-spot,  the  other 
isolated.  Which  is  to  have  the  credit  of  the  magnetic  storm  ? 
On  January  7  there  was  a  magnetic  storm,  and  on  January  10  a 
fine   prominence   connected   with   group  2029  of  the  Greenwich 
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series,  while  the  magnetic  storm  of  March  9  may  be  credited  to 
the  isolated  prominence  of  March  7,  or  to  that  connected  with 
the  faculae  of  March  6.  The  most  telling  cases,  however,  in 
favor  of  isolated  prominences  affecting  the  magnets  are  those 
numbered  35  and  38  in  the  list.  On  April  16  the  spotted  area 
of  the  Sun  was  extremely  small,  and  so  too  was  the  area  covered 
by  faculae ;  therefore  the  storm  of  the  thirteenth  may  possibly 
be  connected  with  the  prominence  of  the  sixteenth.  Similar 
remarks  apply  to  the  prominence  of  June  7,  on  which  day  there 
were  no  spots  on  the  Sun,  and  a  moderate  area  of  faculae,  and 
the  magnetic  storm  of  June  3,  allowing  four  days'  grace,  for  a 
prominence  which  at  the  time  of  the  storm  must  have  been  on 
the  Sun's  invisible  hemisphere.  But  the  most  active  prominence 
of  the  year  was  observed  on  September  5  and  6,  in  connection, 
however,  with  a  spot-group  of  moderate  size,  No. "2070  in  the 
Greenwich  series,  and  which,  according  to  the  Stonyhurst  rec- 
ords, was  one  of  three  distinct  formations  occurring  in  the  same 
position.  Its  presence  is  also  shown  in  the  table  in  No.  47, 
connected  with  spot-group  2076.  There  is  not  the  slightest 
corresponding  movement  of  any  sort  on  the  magnets  in  con- 
nection with  the  big  September  prominences,  the  curves  being 
straight  lines,  for  several  days  before  and  after,  and  only  a 
slight  movement  in  connection  with  the  November  prominence. 
Finally  on  October  13  and  25,  and  November  30,  18S8,  there 
occur  cases  of  isolated  prominences  higher  than  that  of  April 
16,  with  which  we  connected  the  magnetic  storm  of  April  13. 
The  magnets,  however,  are  quiet,  the  greatest  range  being  16'  1 
on  November  26.  It  follows,  therefore,  that  in  the  period  dis- 
cussed, which,  though  limited  in  extent,  contains  many  fine 
prominences,  no  conclusion  can  be  drawn  as  to  the  relationship 
of  prominences  and  magnetic  storms,  seeing  that  in  the  cases  of 
both  eruptive  and  non-eruptive  prominences,  though  some  few 
seem  to  be  connected  with  magnetic  storms,  others  equally  high 
and  equally  active  are  totally  unconnected  with  any  extraordi- 
nary movements  of  the  needles. 

Stonyhurst  College  Observatory, 
September  1903. 


THE  SPECTRUM  OF  LIGHTNING. 
By  Philip  Fox. 

Spectra  of  lightning  flashes  were  photographed  on  the 
nights  of  July  16,  17,  August  3,  and  October  6  by  means  of  an 
objective-prism  spectroscope.  The  camera  lens  was  of  35mm 
aperture  and  274  mm  focal  length.  The  300  flint-glass  prism 
was  from  a  large  spectroscope  loaned  to  the  Observatory  by  the 
Massachusetts  Institute  of  Technology.  Of  the  dozen  plates 
showing  spectra  the  best  was  obtained  on  August  3  at  gh  iom  in 
the  evening,  and  shows  three  flashes.  They  are  reproduced 
herewith  (Plate  IX).  The  original  negative  is  on  a  Cramer 
Isochromatic  plate. 

Vogel  and  Lohse,1  and  Schuster2  identified  certain  lines  in 
the  lightning  spectrum  with   lines  of  the  spark  spectrum  of  air. 

Following  the  suggestion  of  their 
work,  the  spectroscope  was  pro- 
vided with  a  slit  and  collimator,  and 
the  air  spectrum,  obtained  by  pass- 
ing a  spark  between  silver  termi- 
nals, was  photographed.  The  agree- 
ment in  position  of  the  lines  is 
shown  in  Fig.  1.  The  wave-lengths 
of  the  lines,  with  their  identification, 
are  given  in  the  table,  which  also 
shows  the  wave-lengths  of  lines  as 
determined  by  Vogel  and  Lohse, 
Schuster,  and  E.  C.  Pickering.* 
Lieutenant  llerschel*  also  identi- 
fied some  of  the  lightning  lines,  the  principal  one  probably 
being  that  at  X5003  of  the  present  determination. 


1997  -<tji" 

Fk;.  I.  —  Spectrum 
and  of  air. 


>{  lightning 


1  Vor.Ki,  Povg.  Ann.,  143,  653-654,  1871. 

2  Phil.  J/.;-.,  15)  7,  316   $21,  1879. 

*  /larva  ni  College  Observatory  Circular  No.  62. 
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Measured  Wave-Length 


High  Power 


3848 

3898 

3950 

3997 
4041.5  s 

4074 
4106 


4143  v.  edge 
4165  center 
4183  r.  edge 


4236 
4349 
4439 
4529 

4630.7  s 

4790 
4858 

5003.7  s 
5175 


5306  v.  edge 
5600  max. 
5683  r.  edge 


Low  Power 


3838 


3890 
3915 


3943 

3997 
4041,5  s 

4077 
4105 


4154 
4183 


4238 

4359 

4439 

4535 

4603.  v. edge 
4630.7  center 
46O0.   r.  edge 

4786 
4842 

5003.7  s 

5156 


Character 


Faint,  broad 


Faint,  double, 
at  times 


Very  faint 

Sharp 
Sharp 

Poor''   Jj  I 

Fair  j  8  s 


Broad, 
double  at 
times 


Strong 
Broad,  fair 
Strong 
Broad,  hazy 

Broad,  strong 

1 
Very  faint  \ 
Very  faint 

Good 

Verv  faint 


Broad  band, 
red   edge 
very  strong 


I 


Air  Spectrum 
(Neovius) 

Vogel 

Schus- 
ter 

Pickering 

f 3839.8 
1  3843.1 

<!  3845.3 
1  3850.6 

1  3857.2 

l  3882.6 

3881 

<  3912.2 
I3919.2 

f  3945.3 

j  3947.5 
1  39*4.6 

1 3956. 1 

3956  )   „ 
3998  \H€ 

3995-2 

4041.5 

4046 

f   T4072.4 
1    1  4076.3 

j    ( 4097. 3 

!  j  4103.4 

4102  US 

1    ]  4105.2 

1    1  4119-4 

('  [4152.0 
1    1  4153.7 

4147 

i    f 4176.7 

1  <  4180.} 

1    1  4185.8 

4187 

"  ("4228.0 

<  4237.0 

4222 

1 4242.:   " 

4263 

4349-4 

4341 

{  4415.0 

<  4417-3 

1.4447-3 

4530.3 

4519 

(4596.6 

1       to 
•{  4601.9 

4583  ( y. 
4673  )  J 

|  maximum 

!  4(>;o.u 

4643 

47*8-5 

4754 

4S61.O 

4860 

4861  //£ 

\  5002 . 7 

5002 

5002 

4940 

\  5005 . 7 

i 

5022 

5 1  So 

5184 

5181 

5173 

[  includes 

5453-8 

5260 

1    S462.S 

J  5»70.8 
]  5496.6 

5341         5334 

1 

5595 

1  5  5  0  • 2 

5592 

5007 . 1 

[  5070.8 

50s  1 

The  letter  s  indicates  the  lines  u*ei\  as  standards  in  deriving  the  formula  for 
wave-lengths.  The  higher  power  used  in  the  microscope  magnified  about  fifteen 
times,  the  lower  about  three  times. 
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In  studying  the  spectra  some  curious  facts  were  observed. 
The  relative  intensity  of  some  lines  with  regard  to  their  fellows 
is  found  to  vary  in  different  parts  of  the  spectrum.  In  the  first 
flash,  the  line  at  X4349  diminishes  rapidly  in  relative  intensity 
from  the  cloud  to  the  ground.  The  line,  a  combination  of  X4074 
and  X4106,  at  the  top  of  the  flash  is  one  of  the  heaviest  lines, 
being  much  stronger  than  its  two  neighbors  to  the  left,  X4041.5 
and  X3997.  Toward  the  ground,  however,  it  has  lost  greatly  in 
relative  intensity,  having  been  surpassed  by  both  X4041.5  and 
X3997.  These  two  have  increased  from  very  faint  lines  to  rank 
among  the  strongest. 

In  comparing  the  first  flash  with  the  second,  it  is  found  that 
in  the  second  these  same  changes  do  not  exist.  The  only  case 
of  change  in  relative  intensity  is  shown  by  the  line  at  X4439, 
which  increases  slightly  toward  the  ground. 

The  third  flash,  which  was  at  the  very  edge  of  the  plate, 
shows  the  line  at  X3848  very  strong,  while  in  the  other  flashes  it 
is  comparatively  faint.  This  flash  shows  a  line  far  to  the  violet 
of  X3848. 

This  work  has  been  conducted  under  the  direction  of  Mr. 
Hale.  The  writer  is  indebted  to  Mr.  Ellerman  for  assistance  in 
the  laboratory. 

Vkr k ks  O user vator y, 
October  12,  1903. 
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PHOTOGRAPHIC  SPECTRUM  OF  NOVA  GEMINORUM.1 

At  the  suggestion  of  Director  Campbell,  I  obtained  the  spectrum 
of  the  Nova  with  the  Crossley  reflector,  using  the  small  slitless  spec- 
trograph. Six  negatives  were  obtained  on  the  night  of  April  2,  with 
exposures  ranging  from  10  seconds  to  19  minutes.  Thirty  seconds 
showed  the  stronger  lines  very  faintly,  and  five  minutes  gave  a  good 
negative.  The  accompanying  reproductions,  Figs.  2  and  3,  are  chiefly 
from  the  negative  having  an  exposure  of  ten  minutes,  although  all  the 
plates  were  made  use  of  in  determining  the  relative  intensities.  Fig.  2 
shows  the  spectrum  as  a  negative. 

The  plates  used  were  ordinary  commercial  dry  plates,  sensitive  only 
to  blue  and  violet  radiations.  The  recorded  spectrum  of  Nova  Gemi- 
norum  consists  of  bright  lines  and  bands  superposed  on  a  continuous 
spectrum,  and  extends  from  Hfi  to  A 335.  The  general  appearance  of 
the  spectrum  resembles  somewhat  the  April  1901  spectrum  of  Nova 
Persei  obtained  by  Campbell  and  Wright  with  the  Mills  spectrograph, 
in  the  region  where  the  two  instruments  give  comparable  results.  As 
no  observations  of  the  ultra-violet  spectrum  of  Nova  Persei  were  secured 
before  September  1901,  when  the  star  had  become  a  nebula,  we  do  not 
know  the  early  history  of  the  lines  at  A.  339  and  A.  346,  photographed  by 
Mr.  Stebbins.  These  lines  are  certainly  not  yet  developed  in  the  case 
of  Nova  Gemitiorum,  although  there  is  a  decided  strengthening  in  the 
spectrum  at  about  this  point.  There  is  very  little  similarity  in  the 
spectra  of  Nova  Persei  in  September  1901  and  Nova  Gemitiorum  in  the 
region  above  7/8.  Lines  occupying  approximately  the  positions  of  7/e 
and  //£,  as  well  as  those  at  AA339  and  346,  are  the  strongest  lines  in 
Nova  Persei,  but  are  indicated  in  Nova  Gemitiorum  only  bv  slight 
strengthenings  in  the  continuous  spectrum.  H/3  and  J/h  are  strong  in 
the  recent  Nova,  but  very  weak  in  the  later  spectrum  of  Nova  Persei. 
The  chief  nebular  line  at  A 501  is  not  shown  in  the  spectrum  of  Nova 
Gemitiorum,  but  was  conspicuous  in  Nova  Persei. 

It  is  altogether  probable  that  these  differences  between  the  spec- 
trum of  Nova  Gemitiorum  and   the  later  spectrum   of  Nova  Persei  are 

1  From  Lick  Observatory  Bulletin  No.  37. 
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due  to  the  different  stages  of  development  of  the  two  stars.  As  Nova 
Geminorum  assumes  the  nebular  state,  we  may  expect  its  ultra-violet 
spectrum  to  conform  more  and  more  to  that  shown  by  Nova  Per  set. 

Following  are  the  positions  of  the  lines  and  maxima  in  the  spec- 
trum determined  from  three  of  the  plates : 


1903,  April  2 

No.  8 

No.  9 

No.  10 

Description 

5  m. 

10  m. 

19  m. 

A 

A 

A 

486 

486 

486 

H? 

Strong.     Narrow 

462 

462 

463 

Very  strong.     Broad 

445 

446 

446 

Faint 

434 

434 

434 

Hi 

Very  strong 

410 

410 

410 

1/8 

**         " 

397 

397 

397 

//€ 

Moderately  strong 

389 

389 
384 

390 

HS 

Faint 

Max.  of  band  Ht\ 

374 

374 

372 

"      Hk 

350 

350 

352 

«t            «< 

335 

335 

333 

End  of  spectrum 

Spectrograms  were  secured  also  on  April  3,  5,  6,  and  8.  A  com- 
parison of  those  taken  on  the  2d  and  8th  show  changes  in  the  charac- 
ter of  the  spectrum,  in  the  interval  of  six  days.  The  most  noticeable 
change  is  in  the  ultra-violet,  where  the  continuous  spectrum  has  become 
weaker  and  the  bands  at  W 350,  374,  and  384,  more  conspicuous  in 
consequence.  There  are  indications  also  of  the  development  of  the 
lines  at  XA.339  and  346.  Below  Hh  there  seems  to  belittle  or  no 
change  in  the  continuous  spectrum.  Hfi  has  become  weaker,  how- 
ever, and  there  are  traces  of  radiations  in  the  region  of  the  chief  nebu- 
lar line. 

The  spectrum  was  examined  visually  on  all  the  nights  when  spec- 
trograms were  secured.  The  Ha.  line  was  always  very  conspicuous.  A 
brightening  was  observed  in  the  yellow  at  about  the  position  of  the 
sodium  lines. 

In  this  connection  it  should  be  said  that  the  dispersion  with  this 
spectrograph  is  so  small,  the  linear]  distance  between  Hfi  and  A  33  5 
being  only  3T/<  mm,  that  close  lines  cannot  be  separated  with  it. 

Between  April  1  and  8  the  Nova  decreased  slightly  in  brightness. 
On  the  latter  date  it  was  recorded  as  fully  as  bright  as  the  8.6  magni- 
tude star  preceding,  with  which  it  was  compared  each  night. 

C.  D.  Perrine. 

April  15,  1903. 


Fig.   I. —  Region  about  Nova   Geminorum, 
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Fig.  2.  — The  Photographic  Spectrum  of  Nova  Geminorum 
(Negative).     April  2,  1903. 
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Fig.   3. —  Intensity  Curve. 
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THE  SPECTRUM  OF  NOVA  GEMINORUM? 

The  first  opportunity  to  observe  the  spectrum  of  Nova  Gcminorum 
was  on  the  evening  of  April  1,  when  its  magnitude  was  estimated  at 
8.5.  Only  visual  observations  were  attempted,  by  means  of  Spectro- 
graph I,  consisting  of  a  single  light  flint  prism  in  connection  with  the 
collimator  and  camera  sections  of  the  Mills  Spectrograph.*  These  visual 
observations  and  later  photographs  showed  that  the  spectrum  was  inter- 
mediate between  that  of  Nova  Persei  in  April  1901  and  in  the  follow- 
ing July.  It  consists  mainly  of  isolated  bright  bands,  many  of  which 
coincide  approximately  with  the  lines  of  hydrogen.  The  brightest  band 
was  coincident  with  Hfi.  To  the  less  refrangible  side  of  it  there  was 
another  strong  band,  and  a  stretch  of  faint  continuous  spectrum 
extending  just  beyond  the  position  of  the  D  lines.  There  were  several 
faint  maxima  near  the  red  end  of  this  continuous  spectrum.  On 
another  night  we  found  that  one  of  these  coincided  approximately  with 
the  D  lines;  and  the  bright  Hay  overlooked  on  the  first  evening,  was 
easily  visible. 

To  the  violet  of  the  Hfi  band  there  appeared  another  band,  fainter 
and  broader,  and  farther  up  there  was  a  faint  band  about  the  position 
of  Hy.     Nothing  could  be  seen  above  this. 

Following  is  the  list  of  good  photographs  secured  to  date: 


Number 


2717/?. 
28l8Z>. 
2722/7. 
273M. 

2737£>. 

2757,4. 


Date.G.  M.T. 


*    April  2,   I7h  i8m 

5,  17    26 

6,  17    21 

8,   17    33 

22,  17    12 

May     4,   17      9 


Exposure 


Kind  of  Plate 


4*    on; 
3  46 

3  55 

4  40 
3  0 
2  36 


Cramer  Crown 
Cramer  Iso.  Inst. 
Cramer  Iso.  Inst. 
Cramer  Iso.  Inst. 
Cramer  Crown 
Cramer  Crown 


The  first  photograph  was  secured  on  the  evening  of  April  2.  The 
auxiliary  correcting  lens  brought  all  light  in  the  By  region  in  focus 
on  the  slit,  and  the  adjustments  of  the  instrument  were  such  that  the 
camera  was  in  fair  focus  from  A5000  to  the  ultra-violet.  The  plate  sub- 
stantiated our  results  of  the  previous  night  in  the  region  common  to 
both  visual  and  photographic  observation.  Fig.  4  is  a  reproduction  of 
this  plate,  and  Fig.  5  is  its  intensity  curve.  Table  I  gives  a  description 
of  the  details  of  the  bands.  The  wave-lengths  are  calculated  by  means 
of  the  Hartmann-Cornu  formula,  the  constants  of  which  are  determined 

1  From  Lick  Observatory  Bulletin  No.  37.  aSee  L.  0.  Bulletin,  1,  No.  8,  p.  46. 
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from  certain  lines  in  the  comparison  spectrum  of  iron.  The  wave- 
lengths are  corrected  for  the  orbital  and  the  diurnal  motions  of  the 
Earth.  The  effect  of  curvature  of  the  lines  is  negligible.  They  are 
not  corrected  for  the  velocity  in  the  line  of  sight  of  the  star  itself,  for 
we  have  no  means  of  determining  that  velocity  with  certainty.  The 
spectrum  seems  at  first  sight  to  resemble  that  of  Nova  Persei  in  July 
1 90 1,1  but  there  are  great  differences  in  the  details.  The  several  bands 
in  the  present  case  have  not  the  uniformity  of  structure  that  charac- 
terized those  of  Nova  Persei,  nor  are  the  maxima  and  minima  by  any 
means  so  sharp  and  definite.  Indeed,  it  is  quite  possible  that  a  num- 
ber of  the  details  shown  in  Fig.  5  and  Table  I  are  due  to  accidental 
arrangements  of  the  silver  grains. 

More  important  still  is  the  apparently  total  absence  of  certain  bands 
which  were  present  in  the  spectrum  of  Nova  Persei.  One  of  these  is 
that  corresponding  to  the  nebular  line  at  A3869,  which  in  Nova  Persei 
was  considerably  stronger  than  the  Hh  band.  No  trace  of  it  appears 
on  the  present  plate. 

The  band  farthest  to  the  violet  has  its  maximum  at  X39S7.  Here 
again  is  a  decided  difference:  in  Nova  Persei  this  band  was  very  strong, 
and  was  displaced  to  the  violet  of  the  corresponding  hydrogen  line /ft 
more  than  the  other  bands  corresponding  with  hydrogen  lines;  and  it 
was  shown2  that  the  preponderating  radiation  was  not  //e,  but  a  com- 
panion nebular  line,  previously  unobserved.  In  Nova  Geminorum  this 
band  is  quite  faint,  and  the  maximum  is  17  tenth-meters  to  the  red 
of  lit. 

In  Nova  Persei  the  Hy  band  was  superimposed  on  another  corre- 
sponding to  the  nebular  line  A4363.  In  Nova  Geminorum,  though  the 
corresponding  band  shows  greater  evidences  of  complexity  than  any 
other  in  the  spectrum,  A 4363  would  fall  almost  wholly  outside  of  it, 
so  that  no  radiations  corresponding  to  this  line  exist  with  an  intensity 
at  all  comparable  with  those  due  to  Hy. 

There  is  in  Nova  Gcmitwrum  a  band  with  maximum  at  A 4625,  which 
may  perhaps  be  said  to  correspond  with  theA.4643  band  \n  Nova  Persei, 
but  there  is  none  corresponding  to  the  complex  band  A4669— A4746, 
which  was  apparently  formed  of  two  or  more  superposed  bands.  In 
Nova  Gi  minor um  the  nebular  line  A. 4686  would  fall  just  on  the  edge  of 
the  band  that  is  present,  and  the  helium  line  A4713  would  lie  entirely 
outside  of  it.  No  trace  of  the  two  nebular  lines  A4959  and  A 5007  can 
be  seen  on  this  plate.     No  doubt  this  is  partially  due  to  the  lower  sen- 

1  See  /.  O.  Bulletin,  i,  No.  8.  2  L.  O.  Bulletin,  i,  No.  8,  p.  54. 
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sitiveness  of  the  plate  at  this  region,  and  to  the  fact  that  much  of  the 
light  is  lost  at  the  slit,  for  a  later  negative  showed  a  very  faint  band  at 
A  5007  when  the  slit  was  properly  focused  for  this  light  and  an  isochro- 
matic  plate  used.  It  may  be  concluded,  however,  that  with  this  excep- 
tion the  star  showed  no  certain  traces  of  the  so-called  "nebular"  lines 
in  the  early  part  of  April. 

The  positions  of  the  bands  are  interesting.  The  strong  band 
between  H$  and  Ha.  has  its  maximum  18  tenth-meters  to  the  violet  of 
what  we  may  call  the  corresponding  band  in  the  July  spectrum  of  Nova 
Persei.  The  band  corresponding  to  Hi  has  its  maximum  on  the  other 
hand  17  tenth-meters  to  the  red  of  the  position  of  the  hydrogen  line. 
Hartmann1  states  that  on  March  31  the  middle  of  the  HP  and  Hy 
bands  were  both  displaced  8  Angstrom  units  toward  the  red  from  the 
positions  of  the  corresponding  hydrogen  lines.  Our  plate  shows  no 
such  displacement ;  Hfi  appears  only  1  ]/2  and  Hy  about  ]/2  of  a  tenth- 
meter  too  far  to  the  red,  and  these  amounts  are  hardly  greater  than 
the  probable  error.  The  discordance  between  Hartmann's  results 
and  ours  may  be  explained,  of  course,  by  a  real  change  in  the  spec- 
trum between  March  31  and  April  2;  but  more  probably  it  is  due  to 
the  fact  that  Hartmann's  plate  was  underexposed.  The  limits  he 
assigns  to  the  bands  fall  well  within  ours  in  each  case,  and  in  each  of 
the  bands  the  more  intense  part  is  toward  the  red  of  the  middle. 
These  two  facts  would  certainly  tend  to  make  the  middle  of  the  band 
appear  more  to  the  red  on  his  plate  than  on  ours. 

Messrs.  Frost  and  Adams,  discussing  a  plate  taken  March  28s 
describe  Hy  as  a  very  faint  band  merging  into  a  brighter  band 
which  extends  from  A  4347  to  A  4371.  As  indicated  in  Figs.  4 
and  5,  our  plate  shows  some  evidence  of  a  composite  character 
in  what  we  have  called  the  Hy  band,  with  much  greater  intensity  near 
the  red  border  than  near  the  violet ;  but,  as  noted  above,  the  middle 
of  the  whole  band  coincides  very  closely  with  the  normal  position  for 
Hy,  so  that  we  have  thought  it  best  to  speak  of  it  as  a  single  band 
showing  considerable  detail  in  structure.  In  any  case,  however,  the 
limit  A  4371  falls  outside  the  limits  of  the  band  on  our  plate,  in  spite 
of  the  fact  that  this  part  of  the  spectrum  is  doubtless  much  stronger  on 
our  plate  than  on  theirs.  There  seems  to  be  some  evidence,  therefore, 
of  a  perceptible  change  in  the  JTy  region  between  March  28  and 
April  2. 

1  Aslronomische  Nachrichten%  161,  324,  1903. 
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A  second  photograph  of  the  same  range  of  spectrum  was  taken 
April  22.  It  is  reproduced  in  Fig.  6,  with  the  corresponding  intensity 
curve  shown  in  Fig.  7.  Table  II  gives  a  description  of  the  details. 
As  in  the  case  of  the  earlier  negative,  many  of  the  details  plotted  in 

Table  i, 


April  a 
2717  A 

Description 

X3974 

Beginning    ) 

3987 

Maximum     \  Faint  band 

3992 

I 

End              ) 

Faint  continuous  spectrum  between  these  points 

4064 

Slight  increase  in  brightness                «v 

4078 

Beginning  of  stronger  part  of  band 

4081 

Maximum 

4083 

Minimum 

4094 

Suspect  a  minimum 

4098 

Maximum 

4100 

Suspect  a  minimum 

4102 
4103. 

0 

Maximum 

Minimum  rather  sharp 

>  HI  band 

4107 

Maximum 

4IIO. 

9 

Minimum 

41 1 6 

Maximum 

4 1 1 6 . 

8 

Minimum 

4120 

Maximum 

4124 

End  of  stronger  part 

4M4 

End  of  weaker  part                               * 

4317 

Beginning  of  bright  band    >. 

4327 

Maximum 

• 

433*  • 

7 

Minimum 

4334 

Maximum 

4336. 

8 

Minimum 

4340 

Maximum,  not  well  defined 

>  Hy  band 

4342. 

4 

Minimum 

4347 

Maximum 

4350. 

2 

Minimum 

4358 

Maximum 

4365 

t 

End  of  band                           -' 

Continuous  spectrum  between  these  points 

4449 

Beginning    \ 

4464 

Maximum     [■  Faint  band 

4402 

End                ) 

4570 

Faint  beginning  of  band 

4O25 

Principal  maximum 

404G. 
46SI  • 

2 
4 

Suspect  narrow  bright  line  or  maximum 
Suspect  narrow  bright  line  or  maximum 

«•  Strong  band 

4f>qS. 

9 

Suspect  narrow  bright  line  or  maximum 

4I195 

End  of  band 

4S39 

Beginning    ) 

4  Sub 

Maximum     \  ///3  band 

4887 

End                ) 

1  ■  I 

-  jfl   a 


o 


< 


f 


&9J 


i 


rr  u 


1/ 
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Fig.  7  and  tabulated  in  Table  II  may  be  false  effects  due  to  chance 

grouping  of    the  silver   grains,  though   in   each   case   the  plate  was 

measured  under  low  magnification  to  avoid  as  far  as  possible  errors  of 

this  kind. 

TABLE  II. 


April  22 
A  27*7  D 


3959 

3982 

4021 
4046 

4052 
4078 

4080 

4082.1 

4084 

4086.9 

4090 

4093.0 

4095 

4107 

4116 
4126 

4145 


4322 
4326 
4329 

4334 
4337 
4341 
4342 
4346 
4348 
4352 
4355 
4358 
4364 
4378 
4382 
4392 

4454 
4536 
4557 

4584 
4630 
4642 
4656 
47M 

4838 
4843 
4877 
4884 


Description 


Beginning  of  very  faint  continuous  spectrum 

Very  faint  maximum 

Beginning  of  faint  part  of  band  "| 

Maximum 

Minimum 

Suspect  a  minimum 

Maximum 

Minimum 

Maximum 

Minimum  \  I/S  band 

Maximum 

Minimum 

Maximum 

Very  broad  minimum 

Broad  maximum 

End  of  brighter  part 

End  of  fainter  part 

Beginning  of  bright  band 

Maximum 

Minimum 

Maximum 

Minimum 

Maximum 

Minimum  .  f  //y  band 

Maximum 

Minimum 

Maximum 

Minimum 

Maximum 

End  of  main  part  of  band 

Faint  broad  maximum 

End  of  stronger  part  of  auxiliary  band 

Suspect  very  faint  maximum 


J 


( 


Beginning 
Maximum 
End 


/    Very  faint  band  in  continuous  spectrum,  extending 
C        from  X  4392  to  X4584 


Beginning 
Broad  maximum 
Broad  minimum 
Broad  maximum 
End 

Beginning 
Suspect  a  minimum 
Suspect  a  minimum 
End 


Broad  strong  hand 


//£  band 
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Even  a  casual  examination  showed  that  pronounced  changes  had 
taken  place  in  some  of  the  bands.  In  regard  to  the  Hfi  band  little 
can  be  said,  for  it  is  too  weak  on  both  plates  to  be  sure  of  much 
structural  detail.  The  middle  of  the  strong  band  between  /ff$  and 
Hy  had  been  moved  about  17  tenth-meters  to  the  red,  making  it  more 
nearly  coincide  with  the  band  observed  at  about  this  place  in  Nova 
Persei  in  the  summer  of  1901.  It  was  certainly  changed  in  detail  also, 
for  it  showed  two  pronounced  broad  maxima  on  the  later  plate,  as 
against  one  such  maximum  and  two  or  three  suspected  narrow  maxima 
on    the    earlier  date.     The  faint  band  to  the  violet  of  this  was  also 

TABLE  III 


Apri 

1  s 

/ 

kpril  6 

April  8 

2718  I) 

2722  B 
4836 

2731  A 

Description 

48;,8 

Beginning  of  band 

] 

4843 

Dark  line.'' 

4852 

Slight  maximum 

4*59-7 

4859-0 

Minimum  (or  dark  line?) 

4800 

4805 

Slight  maximum 

>  My  band 

4870 

Slight  minimum  or  dark  line 

4874 

Slight  minimum  or  dark  line 

4^77 

4878 

Maximum  of  hand.    Exact  position  uncertain 

4886 

4886 

End  of  band 

4987 

First  trace  of  very  faint  band  ) 
Minimum?                                    1  x 
Beginning  of  second  portion    f 

5015 

5022 

5030 

End  of  band                                J 

5409 

First  certain  trace  of  continuous  spectrum 

"1 

5480 

Very  slight  maximum 

5493 

Well  defined  minimum 

5516 

Slight  maximum  suspected 

5527 

Minimum? 

5557 

Maximum  of  band 

5579 

Slight  minimum 

55^9 

Slight  maximum 

> 

5^34 

Faintest  portion  between  bands 

5^53 

Dark  line  suspected.     May  be  chance 

1 

arrangement  of  silver  grains 

5071 

Maximum  of  band 

W* 

Minimum 

50S7 

Maximum 

^700 

End  of  brighter  portion  of  band 

5  70S 

End  of  band 

. 

57-7 

Beginning  of  band 

57*0 

Maximum  of  band 

| 

57-1'' 

Slight  maximum? 

1 

575S 

Slight  maximum? 

!. 

. 

^700 

Slight  maximum? 

I 

57**7 

Rather  well  marked  minimum 

1 

5777 

End  of  band 

) 
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changed,  becoming  much  broader  and  displaced  much  more  toward 
the  red.  This  band  is  so  faint  and  broad  that  determinations  of  its 
limits  and  of  the  position  of  the  maximum  are  uncertain.  The  faint 
band  near  Hi  appeared  relatively  still  fainter  than  on  the  earlier  plate, 
with  the  maximum  perhaps  more  toward  the  violet ;  that  is,  more 
nearly  coincident  with  Hi,  The  Hh  band  showed  some  changes  in 
structure,  as  indicated  in  the  intensity-diagrams,  and  also  a  faint 
companion  band  to  the  violet. 

The  most  striking  change,  however,  was  in  the  Hy  band,  which 
showed  a  fairly  strong  companion  band  to  the  red.  We  at  once  sus- 
pected that  this  was  the  first  appearance  of  the  nebular  line  A  4363, 
but  the  measurements  locate  it  too  far  to  the  red  of  the  proper  posi- 
tion of  that  line.  Still  it  is  not  impossible  that  the  whole  complex 
band  is  due  to  radiations  physically  connected  with  the  nebular  line 
and  the  hydrogen  Hy.  No  further  discussion  of  this  plate  seems 
necessary,  except  to  say  that  the  Hy  band  seems  to  have  grown  fainter 
with  respect  to  the  Hh  and  the  A  4643  bands. 

A  third  plate  of  the  same  region  was  obtained  on  May  4.  Unfor- 
tunately, the  star  was  by  this  time  so  far  west  at  dark  that  the  exposure 
was  necessarily  rather  short,  so  that  the  negative  is  weak  in  spite  of  a 
somewhat  wider  slit  than  was  used  in  the  other  cases.  So  far  as  it 
goes,  however,  it  seems  to  show  that  no  perceptible  change  had 
occurred  since  April  22. 

Table  III  gives  the  results  for  the  plates  taken  in  the  H/3  and  the 
D  regions.  These  plates  are  Nos.  2718Z?,  2722Z?,  and  2731^.  The 
comparison  lines  used  are  iron  and  helium.  In  the  plates  for  April  6 
and  April  8  there  is  evidence  of  slight  flexure  due  to  the  necessity  for 
carrying  the  exposures  to  so  large  an  hour  angle.  On  all  these  plates 
the  bands  show  little  certain  evidences  of  structure,  and  some  of  the 
details  plotted  in  the  intensity  curves  may  well  be  due  to  a  fortuitous 
grouping  of  silver  grains.  Plates  2"ji&Z)  and  2722Z?  show  also  traces 
of  the  band  at  A  4643,  but  as  this  band  is  well  seen  on  other  plates,  no 
attempt  has  been  made  to  study  its  details  on  these  plates.  No  trace 
is  seen  on  Plate  2731^  of  any  band  at  I),  or  beyond. 

A  comparison  of  these  plates  with  those  of  similar  regions  of  Nova 
Persei  taken  in  July  and  August  1901,  is  rendered  somewhat  difficult, 
as  far  as  the  more  minute  details  are  concerned,  by  the  comparatively 
diffuse  and  uncertain  character  of  the  structural  details  seen  in  the 
Nova  Geminorum  plates.  In  the  case  of  Hfi  the  maximum  intensity  is 
very  clearly  at  the  red  edge  of  the  band  (A  4878),  while  in  Nova  Persei 
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it  lies  at  the  violet  edge  (A  4852).  A  very,  slight  maximum  is,  how- 
ever, to  be  seen  at  about  A  4852  in  the  plate  of  April  5.  In  the  region 
from  A  5400-A  5800  the  similarity  in  general  detail  is  more  marked, 
but  the  band  at  A  5671  is  relatively  muck  brighter,  in  Nova  Geminorum 
than  in  Nova.  Per sei  on  August  11,  1901.  The  most  striking  differ- 
ences in  this  portion  of  the  spectrum  are  the  faintness  of  the  band  at 
A  5007  and  the  apparent  lack  of  any  band  at  D3.  A  5007  was  relatively 
faint  in  Nova  Persei  in  February  and  March  1901,  but  in  July  and 
August  was  very  much  brighter  than  any  of  the  bands  between  it  and 
D3.  In  Nova  Geminorum  it  appears  as  a  mere  trace  on  one  plate 
only,  and  in  neither  plate  is  there  a  trace  of  the  band  at  A  4959.  Too 
much  reliance  cannot  be  placed  on  the  apparent  absence  of  a  band  at 
D3,  on  account  both  of  the  faintness  of  the  star  and  of  the  fact  that 
the  curve  of  sensitiveness  of  the  plates  used  changes  very  rapidly  at 
this  point. 

Figs.  8  and  9  give  a  view  of  the  region  covered  in  Plate  2731 A 
and  the  corresponding  intensity  curve.  Fig.  10  shows  the  Hfi  band 
and  the  extremely  faint  trace  of  A  5007.  Figs.  11  and  12  give  the 
intensity  curves  for  Plates  2718Z?  and  27222?. 

It  will  be  seen  from  Table  III  that  in  the  plates  for  April  5  and 
April  6  there  is  a  suspected  dark  line  at  approximately  A  4860.  The 
mean  corrected  shift  of  this  line,  if  real,  is  1.7  t.  m.,  corresponding  to 
a  velocity  of  —105  km  per  second.  The  observed  appearance  is  too 
faint,  however,  to  warrant  placing  much  reliance  upon  the  velocity 
thus  obtained. 

The  spectrum  was  tested  on  April  4  for  evidences  of  Zeeman  effects, 
by  rotating  a  Nicol  prism  in  the  eyepiece  of  the  spectroscope.  The 
forms  of  the  broad  bright  bands  appeared  to  remain  unchanged  in  all 
positions  of  the  prism.  The  same  tests  applied  to  Nova  Per$ei  in 
April  1 90 1,  gave  similar  results. 

H.  M.  Reese. 

H.  D.  Curtis. 
May  9,  1903. 


A    LIST    OF    FIVE    STARS    WHOSE    VELOCITIES    IN    THE 
LINE  OF  SIGHT  ARE  VARIABLE.' 

The  following  five  stars  with  variable  radial  velocities,  discovered 
with  the  Mills  spectrograph,  are  additional  to  the  forty-two  already 

1  Lick  Observatory  Bulletin  No.  46. 


PLATE    XII. 
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announced.     A  number  of  the  photographs  and  one  of  the  measures 
on  which  these  results  depend  are  by  Dr.  Reese. 

7  Corvi  (a=  I2&  io«?7  ;  8=  —  160  59'). 


Date 

Velocity 

Measured  by 

I902t 

December 

30 

+  2  km 

Curtis 

1903, 

February 

23 

0 

Curtis 

May 

6 

—  20 

Curtis 

May 

11 

-  6 

Curtis 

May 

17 

+  4 

Curtis 

The  variation  was  discovered  from  the  third  plate.  The  line  at 
Hy  is  very  fair  with  proper  exposure;  those  due  to  helium  and  mag- 
nesium are  good. 

HI  Virginis  (a  =  I2*»  14^8 ;  8  =  —  o"  6  ). 


Date 

Velocity 

Measured  by 

1903,  May  17 
May  24 

+  I7km 

+    4 

Curtis 
Curtis 

Hy  is  fair  and  A4481  good.     There  are  in  addition  scattered  iron 
lines,  narrow  and  quite  good. 

a  Draconis  (a  =  14b  1^7  ;  &  —  -f-  64°  51 ' ). 


Date 


1902,  June   16 

1903,  April  29 
May  24 


Velocity 

ir   Okm 

+    2 

-41 
-42 


Measured  by 

Stebbins 
Curtis 
Curtis 
Curtis 


The  variable  velocity  was  discovered  from  the  second  plate.  The 
measures  depend  on  two  lines  only,  a  rather  broad  Hy  and  a  strong 
magnesium. 

e  Herculis  (a=  1  f  h  561*15  ;  5  =  +  30*  4  ' ). 


Date 

Velocity 

Measured  by 

1903,  May  24 
May  27 

—  70  km 
-34 

Curtis 
Curtis 
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In  this  star  Hy  is  very  broad;  the  magnesium  line  a  A4481  is  also 
rather  broad.     The  measures  depend  on  the  magnesium  line  alone. 

&  Aquilae  (a  =  19^  20 ™5;  I  =  -+-  2°  55 ' ). 


Date 

Velocity 

Measured  by 

1900,  May  22 

1902,  July   31 

1903,  May  12 
May  27 

—  25  km 

-35 

—  2 
-32 

Curtis 
Reese 
Curtis 
Curtis 

The  iron  lines  are  diffuse  and  broad;  both  Hy  and  X4481  are 
broad  and  hard  to  measure.  The  first  plate  is  a  very  poor  one  and 
the  given  velocity  can  be  considered  only  as  an  approximation. 

VV.  W.  Campbell. 
Heber  D.  Curtis. 
June  ii,  1903. 
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THE  VARIABLE  STAR   1921    W  AURIGAE. 

By  J.  A.   Parkhu  rst. 

The  variability  of  this  star  was  discovered  by  Madame 
Ceraski  from  photographs  taken  by  Blajko  at  the  Moscow 
Observatory.1  It  was  found  to  be  8.9  magnitude  (evidently  near 
maximum)  in  March  and  April  1898,  but  in  October  of  the  same 
year  it  was  invisible  in  a  "7-foot"  telescope.  Blajko2  has  pub- 
lished a  summary  of  photographic  and  visual  observations  from 
1895  t°  I900>  deducing  from  them  a  period  of  0.75  year.  In 
column  295  of  this  summary  the  minimum  attributed  to  the 
writer  should  read  maximum.  Hartwig3  has  published  a  note 
on  the  place  of  the  variable,  but  his  conclusion  in  regard  to  the 
period,  "somewhat  greater  than  a  year,"  is  not  in  accord  with  the 
results  of  this  paper.  Esch4  has  published  a  note  containing  a 
few  observations  in  February  and  March  1902,  which  are  in  good 
agreement  with  the  light-curve  shown  in  Fig.  2.  Provisional 
results  from  the  observations  of  1898  to  1900  have  been  pub- 
lished by  the  writer,5  with  charts  and  approximate  magnitudes  of 
the  comparison  stars. 

1  Astronomischc  Nachrichtcn%  148,  15,  1S98.  *  Ibid.,  149,  6,  1899. 

9  Ibid.,  153,  295,  1900.  A  Ibid.,  160,  H$,  1902. 

s  Astrophysical  Journal,  12,  54,  1900;  14,  171,  1901  ;  Astronomical  Journal, 
20,  6,  1899;  Popular  Astronomy,  7,  43,  1809;  8,  461,  1900. 
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POSITION    OF    THE    VARIABLE. 

The  variable  was  connected  on  three  nights  with  the  star  c% 
which  is  Z?.Z>.+36°i  141,  and  whose  place  is: 

R.  A.  Dec 

h     m         s 

From  the  Lund  A.  G.  Catalogue      5  19  00.47  +360  43'   28^7  (1875) 

5  20  41.84  +36    44     56.1  (1900) 

Difference,  variable— c  -o  33.28  -3     56.8 

Place  of  the  variable  5  20  08.56  +36     48     52.9  (1900) 

As  the  last  decimal  place  should  be  discarded,  the  result  can 
be  stated : 

h     m  s 

1Q2I  IV Aurigae  5   20  08.6         +36°  48'    53'  (1900) 

5   17  06.0         +36     46     II     (1855) 

This  place  agrees  closely  with  that  given  by  Hartwig  in  the 
reference  above  cited. 

INSTRUMENTS. 

These  are  the  same  as  described  in  the  two  preceding  papers 
of  this  series,1  a  157mm  (6.2-inch)  reflector,  a  305  mm  (12-inch) 
refractor,  and  the  101cm  (40-inch)  refractor,  the  equalizing 
wedge  photometer  used  in  the  photometric  work  being  attached 
to  each  of  these  instruments.  In  the  photometric  measures  of 
the  brighter  standard  stars  with  the  12-inch  telescope  an  absorp- 
tion glass  was  interposed  in  the  cone  of  rays  from  the  objective. 
The  adopted  value  of  the  absorption,  1.70  magnitudes,  depends 
upon  a  series  of  laboratory  measures  and  also  on  measures 
of  Pleiades  stars,  but  further  measures  may  change  it  a  few 
hundredths  of  a  magnitude. 

THE    CHART. 

Plate  XIII  shows  the  field  1 8'  X  24'  around  the  variable,  on  a 
scale  of  10"  to  the  millimeter.  The  negative  was  taken  with  the 
24-inch  reflector  January  1 1,  1902,  exposure  from  6h  0m  to  6h  55°, 
Central  Standard  Time,  and  shows  stars  to  the  sixteenth  mag- 
nitude distinctly;  but  as  the  fainter  stars  were  not  used  in  the 
comparisons,  the  print  for  the  cut  was  made  to  show  stars  only 

1  "The  Variable  Star  .V  Cephri"  Astrophysical  Journal,  17,  48,  1903  ;    "  The 

Variable  Star  V  Lyrae"  ibid.,  18,  33,  1903. 
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to  the  fifteenth  magnitude.  The  strong  color  of  the  variable  is 
shown  by  the  fact  that  the  photographic  magnitude  is  about 
10.9,  the  diameter  of  the  disk  being  between  that  of  g  and  /. 
The  light-curve  shows  that  the  variable  was  near  maximum, 
probably  about  9.5  magnitude  visually  at  this  time. 

COMPARISON    STARS. 

The  three  standard  stars  on  which  are  based  the  measures  of 
the  comparison  stars  are  as  follows : 


TABLE  I. 


B.  D. 

Magnitudes 

Star 

No. 

Mag. 

Position  for  1855 

Potsdam 

Har- 
vard 45 

R.  A. 

Dec. 

Color 

Mag. 

Mag. 

A.... 
B.... 
t\... 

+37°   1 1 60 
-j-36     1 122 
+36     1 1 13 

7.2 
6.8 
6.8 

h    m         s 

5  12  42.0 
S   14  59-4 
5   M     5-7 

+37°  3i'8 
+36       3.6 
+36     15. 1 

GW- 

G- 

GW 

7.63 
6.60 
6.98 

7-39 
6.74 
6.90 

Mean     ,7.07 

7.01 

Of  the  stars  used   for  visual   comparisons  with   the  variable, 
the  following  are  in  the  Durchmusteruyig : 


TABLE   II. 


Star 


+36°  1 133 
+36  1 134 

+36 1 1 38 

+36  1141 
+36  1 145 
+36  1 147 

+37   1200 


Mag. 


R.  A. 


16 
16 
16 

!? 
18 
l8 

18 


22.6 
30.4 
35.8 
40.0 
13.  q 
iq.2 
23-5 


1855 


Dec. 


+36- 

40  -Q 

+36 

42.9 

+36 

50.3 

+36 

42.6 

+  16 

S8.I 

+  ;6 

S}.2 

+  37 

6.2 

The  date  for  the  remaining  comparison  stars  arc  given  in  the 
following  table: 
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TABLE   III. 

COMPARISON   STARS   FOR    W  AURIGAE. 

(IN 'ORDER    OF    RIGHT    ASCENSION.) 


Star 


e.. 

IV. 

d  . 
s.. 


h  . 


Co-ordinates 
from  V 


R.A. 


-47 
-43 
-42 
-3» 
-34 
-30 
-26 
-26 

-  7 

-  7 

-  7 

-  5 

-  4 

-  o 

+   1 


Dec. 


+5' 
+3 

—  0 
+2 
-3 
+3 
+0 

—  o 

+3 

+0 

+0 

+5 
— o 

—  1 


33-8 
20.4 

3i.3 
33-3 
19.3 
18.3 
21.9 
29.2 
17. 1 
15.5 

22. Q 
0.0 

2-3 


Magnitude 


Meas- 
ured 


From 
Curve 


10. 0 
I  11-93 

J  IO.35 


10.35 


II  .60 
IO.79 
12.42 
12.63 

14.  12 
14.34 


12.  10 
12.26 


II  .62 


Co-ordinates 
prom  V 


R.A. 


/... 

+  2 

p  ■• 

+  4 

y  .. 

+  4 

n  .  . 

+  4 

0..  . 

+  7 

e... 

+  8 

fl... 

+  8 

k... 

+  9 

0.  .  . 

+  12 

p... 

+  16 

r ..  . 

+  >9 

q... 

+20 

z .  .  . 

+29 

c .  .  . 

+33 

m 

+73 

0'  . . 

+77 

Dec. 


I 
0 

I 
2 
0 
0 

I 
0 

2 
2 

4 
2 

2 
3 

+  7 
+20 


+ 
+ 


+ 


51' 

37 
6 

58 
56 
47 
39 
30 
58 
37 

59 
j 

48 

57 
0 
o 


steps 

25-4 
9-1 
4-9 

20.3 
9-8 
6.7 
1-3 

25.9 

22.0 
20.9 
22.3 
28.9 
37-2 
38.4 
42.9 


Magnitude 


Meas 

ured 


IO.94 

13.58 
14.25 

^65 
14.13 
1339 
II. 17 


9.58 


From 
Curve 


11-94 


11.73 
II.89 
II.67 
10.73 

937 
8.70 


TABLE    IV. 

PHOTOMETRIC    MEASURES    OF    COMPARISON    STARS. 

1902,  January  24  ;   12  inch.  Wedge  V,  seeing  good,  full  Moon. 


Scale  Readings 


First 


An 23.7  24.2  23.3 

Ca 15.3  15.0  I6.0 

/>'„....  I4.5  13.2  I3.8 

ft 34- J  35-0  35.O 

A' 37-8  39-2  38.2 

;< 43-3  42.0  41.3 

* 3s -2  38.9  30.1 

/ I  38.2  3S.2  37-0 

v 29.5  28.8  28.7 


35-2 
34-8 
42.2 
39-8 
40.2 


Second 


23.8  23.O  23.O 
15.O  15.8  15.8 
13.2        II. 2        12.2 


334 
34-2 
42.2 
39-1 

39-7 


35-0 
34.0 
43-2 
39-9 
40.8 


Mean  Scale 
Reading 


23.50 
15.48 
13.02 

34-45 
36.37 
42.37 

39.17 
39-02 

29.00 


MAGNITUDE 


7.63 

6.98 
6.60 

10.66 
IO.87 
11.54 
II. 18 
II. 17 
9.95 


Wedge  constant,  0.  no  mag. 
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1902,  February  7;  12  inch. 


Wedge  V,  seeing  good. 


Scale  Readings 

Star 

Mean  Scale 
Reading 

Magnitude 

First 

Second 

Aa. .... 

18.8 

175 

17.8 

18.37 

7- 63 

Ca 

12.0 

12.8 

13-2 

12.67 

6.98 

Ba.... 

9.2 

10.7 

10.2 

IO.03 

6.60 

a 

27.7 

27.4 

26.2 

27.IO 

10.25 

g 

32.1 

32-2 

32.2 

32.17 

10.80 

h 

370 

39  4 

39-0 

38.47 

n.50 

k 

34-5 

33-7 

34-0 

34-07 

II  .01 

/ 

32.1 

3i-i 

3io 



31.40 

10.72 

Wedge  constant,  0. 1 10  mag. 


1903,  January  I;   12-inch. 


Wedge  V,  seeing  good. 


Wedge  constant,  0. 1 10  mag 


1903,  March  21 ;  6-mch. 


Wedge  V,  seeing  fair. 


10.41 


Wedge  constant,  0.110  mag. 


1903,  March  22,  6-inch. 


Wedge  V,  seeing  good. 


B 
C. 

A. 

a  . 
g> 


14.0  13.8  13.4 

17.0  15.7  16.2 

23.2  22.6  23.2 

45-5  45-5  44  7 

49.6  49.4  49-8 

40.8  39.0  39.7 


13.6  15.0      14.7 

17.7  18.5      18.2 
21.5      22.7      21.5 


43-3 
51.2 
40.0 


43-7 
50.9 
40.9 


43-0 
Si. 2 
40.4 


14.08 
17.22 

22.45 

44.28 
50.35 
40.78 


6.60 
6.98 
7-63 

0.97 
10.04 

9.58 


Wedge  constant,  0.110  mag. 
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TABLE  IV.— Continued. 
RESULTING    MAGNITUDES,    FROM    MEASURES    WITH    6-    AND    I2-IXCH. 


X902 

January  24 

1902 
February  7 

1903 
March  z 

1903 
March  21 

1903 
March  22 

Means 

c 

9-58 

9-5* 

a 

10.66 

10.25 

10-35 

IO.4I 

997 

10.35 

h 

11.54 

11.50 

II.76 

1 1,  bo 

s 

IO.87 

10.80 

IO.85 

IO.64 

10.79 

K 

II. 18 

II  .01 

11.33 

11. 17 

/ 

II. 17 

IO.72 

U.03 

10.94 

1900,  October  23;  40-inch. 

Wedge  II,  seeing  fair. 

Scale  Readings 

Mean  Scale 
Reading 

Star 

First                      j                    Second 

Magnitude 

k 

// 

ff 

/ 

a 

7 

P 

e 

m 

€ 

v 

x 

V 

5 

v 

15.9       16.7       17.2 

21.0  I9.9       21.8 
13.2        15.0        I5.9 

17. 1  17.8        17.0 

40.2  41. I        39-9 

46.7  46.4       42.8 

40.8  39.5       38.0 

42.7  4O.9       40.0 
38.2       37.1        36.1 

43.8  46.O       44-2 

42.5      43.7      43-4 
30.0      29.4      30.1 
25.2      28.8      25.8 

32.9  31.0      31.0 

34-2      33-0     3i-5 

19.0      17.9      16.8 
1     21.9     22.7      22.0 
|     14.0      15.5      14.0 

19.8  19.2      19.9 

;     37-3      37-9     37-5 
39.3      41-8     4i. 1 

38.9  38.2      37.0 
42.2      44.1      42.8 
345      35-0     35-o 
45.9     46.4      450 

41.8  43.5      41.0 
30.0     31.8     32.1 
28.0     27.0     26.0 

29.9  32.0     31.2 

34.0      31-9      33-9 

17.25 
21.55 
14.60 
18.47 

38.98 
43    02 
38.73 
42.12 
35.98 
45.22 
42.65 
30.58 
26.80 
3133 

33.09 

II.  17 
II.60 

10  79 
10.94 

13-63 
14.21 
13.60 
14.06 
13-24 
14-44 
14. II 

12.54 
12.05 
12.64 

12.79 

Wedge  constant,  0.130  mag. 


1002,  February  4;  40-inch. 


Wedge  V,  seeing  gotxi. 


k 

10. 0 

10. 0 

9.2 

11 . 1      10.9     11. 8 

10.50 

11. 17 

/ 

10.8 

1 1  -3 

11 . 1 

10.2      12.2     11. 3 

11. 15 

1094 

ha 

26.6 

28.3 

26.1 

27.00 

11.60 

£a 

IS.  3 

IQ.O 

IS. 9 

19.03 

10.79 

^ 

30  ■  3 

31 .0 

31.0 

30.77 

1347 

e 

37-7 

3* -7 

37-3 

37.90 

14.26 

e 

;;.s 

3*-J 

3S.6 

38.27 

14.30 

v 

30.5 

*I  .6 

$1-$ 

3113 

I3.5I 

7 

37-3 

38.0 

38  ■  3 

37- «7 

14.26 

0 

;;.(> 

3  2 . 0 

32.3 

32.83 

13.70 

.t 

20.9 

22  .0 

2^.0           

21.97 

12.51 

v 

22.0 

21 .0 

20.  s            

21.27 

1243 

Wedge  con.stant,  o.l  10  mag. 
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1902,  February  6;  40-inch. 


Wedge  V,  seeing  fair. 


Star 


ha 
ka 
la 

y- 

X  . 

7- 
a. 

e. 


Scale  Readings 


First 


Second 


35-2  35-0  35-i 
27.5  26.3  26.0 
29.4      29.2      29.3 


27.8 

29.0 

28.2 

29. 1 

28.6 

29. 1 

35-2 

35-8 

36.8 

42.0 

42.0 

42.3 

3&-5 

36.0 

35-5 

40.5 

40.0 

39-5 

34-o 

34-2 

35-2 

41.2 

43-0 

41.8 

8      34-0      33.0 


27, 


27.2 


Mean  Scale 
Reading 

Magnitude 

34-35 

11.60 

26.60 

11. 17 

28.37 

10.94 

28.33 

12.78 

28.93 

12.85 

35-93 

13.62 

42. 10 

14-30 

36.00 

I3-63 

40.00 

14.07 

34-47 

13.45 

42.00 

14.29 

Wedge  constant,  0.1 10  mag. 


RESULTING    MAGNITUDES,    FROM    MEASURES    WITH    40-INCH. 


1900 
October  23 


y 
a 

7 
5 

€ 

6 
1 


12.55 
12.05 

13-^3 
13.60 
14.20 
12.65 
14.44 
14.06 
14. 12 
13.26 


I 


1902 
February  4 


12.51 

12.43 
13.70 

13.51 
I4.26 


I4.30 
I4.26 


12.47 


1902 
February  6 


12.85 
12.78 

I363 
13.62 
I4.30 


I4.29 
I4.I4 

13-45 


Means 


12.63 
12.42 
13-05 
13.58 
14.25 
12.65 
M.34 
14.13 
14.12 
1 3  •  39 


The  photometric  measures  of  the  comparison  stars  are  given 
in  Table  IV,  which  is  arranged  similarly  to  the  corresponding 
table  in  the  two  previous  papers.  The  stars  used  as  standards 
are  given  first  with  their  magnitudes  in  bold- faced  tvpe.  The 
magnitudes  for  /i,  />\  and  C  are  taken  from  Table  I,  using  the 
Potsdam  values;  to  reduce  to  the  Harvard  scale  subtract  0.06 
from  the  numerical  magnitude.  The  values  for  the  fainter 
standards,  lettered  from  a  to  /,  are  taken  from  the  part  of  Table 
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TABLE  V. 

IQ21    W  Aurigae. 

(Comparisons  of  the  Variable  by  Argelander's  Method.) 


Date 

H 

ac 

No. 

< 

£ 

Comparisons 

Month 

Day  ' 

Hour 

J  nl San  Day 

.j 
s 
u 

0 

u 

ft. 

< 

G.  M.  T. 

1898 

C.S.T. 

2410000+ 

I 

Dec. 

10 

6 

4634-5  | 

40 
80 

6 
6 

0'  4  v,  c  2  v,  via 

c  I  vt  v  I  a 

2 

12 

18 

4637-0 

40 

6 

c  0-1  v,  v  2  a 

3 

13 

7 

4637  -  5 

40 

6 

m '  2  v,  v  c,  v  1  b 

4 

15 

8 

4639.6 

40 

6 

m'  1  v%  v  2  6,  v  0- 1  c 

5 

17 

47 

4641.5 

40 

6 

m'  1  v,  v  c,  v  3-4  a 

}* 

4641 .6 

80 

6 

V  I  c 

6 

22 

6 

4646.5 

40 

6 

v  2  6,  m'  0-1  v,  v  l  c,  v  4a 

7 

26 

8 

4650.6 

40 

6 

v  2  c ,  v  m ' ,  0  5  v 

8 

28 

8 

4652.6 

80 

6 

C  0-1   V 

9 

1899 

30 

7 

4654.5 

40 

6 

civ 

10 

Jan. 

5 

6 

4660.5 

40 

6 

V  0-1  c 

ii 

10 

7 

4665.5  | 

150 
40 

6 
6 

c  23  v,  v  3-4  a 
c  1-2  vy  v  3  a 

'3 

18 

7 

4673-5J 

150 
40 

6 
6 

c  4  v,  v  I  a 
c  3  vy  v  o-l  a 

14 

24 

7 

4679.5  i 

40 
150 

6 
6 

c  4  vy  a  2  v 

c  4-5  vt  a  2  v,  v  j,  v  3-4  g 

15 

28 

7 

4683.5 

150 

6 

c  6  Vy  a  2  Vy  r  I  VyV  $  g 

16 

Feb. 

I 

7 

4687.5 

150 

6 

a  4  Vy  e  4  Vy  s  2  z>y  v  2  gy  v  3  / 

17 

15 

7 

4701.5 

150 

6 

5S  V*S  2-3  v,/ 1  p.po-i  ktv4-$h 

18 

28 

8 

4714.6 

150 

6 

h  1-2  Vy  v  2  tiy  v  $y 

19 

Mar. 

6 

8 

4720.6 

150 

6 

h  2  Vy  v  2  y 

20 

13 

8 

4727.6 

150 

6 

n  2-3  Vy  v  2  y%  h  4  v 

21 

28 

8 

4742.6 

150 

6 

yz~l  v 

22 

Apr. 

4 

8 

4749.6 

200 

6 

y  1-2  Xy  x  2  v 

23 

12 

8 

4757.6 

*5<> 

6 

v  not  seen 

24 

28 

8 

4773-6 

150 

6 

v  not  seen 

25 

May 

4 

8 

4779.6 

150 

6 

v  not  seen 

26 

Oct. 

30 

8 

4958.6 j 

40 

6 

a  \  VyV  2  SyV  2-3  ^ 

150 

6 

*  0-1  v,  v  2  s,  v  $  g 

27 

Nov. 

4 

8 

4963.6 

150 

6 

a  1  Vy  v  \  Sy  v  $  g 

2S 

20 

7 

4079.5 

150 

6 

g  3  v,  v  2  I 

29 

26 

7 

4985.5 

150 

6 

g      S      Vy     /    O'l       Vy      V       1-2      A 

30 

Dec. 

5 

7 

4994-5 

150 

6 

1 1  Vy  h  \  Vy  v  \  tiy  v  \  y 

31 

T9 

7 

5008 . 5 

150 

6 

h      2-3      Vy      V      I      ft 

32 

IQOO 

28 

7 

5017.5 

150 

6 

k  b  v±yV  0-1  W,  PJ',  v  1  ^ 

1?> 

Jan. 

4 

7 

5024.5 

200 

6 

.y  1-2  Vy  v  1  jr 

34 

8 

6 

5028.5 

350 

40 

.y  2  v,  z/  1  jt 

35 

25 

8 

5045.6 

175 

12 

jt  5-6  z> 

36 

26 

10 

5046.7 

350 

40 

(      *       23       Vy       V       2^       /3 

I  /3  0,  a  4  7,  7  4  e,  e  2  17 

37 

Feb. 

* 

11 

5055-7 

350 

40 

(  .r  3-4  v,  z/  3-4  a 

i  x  5  0,  0  2  |S,  ]3  6  7,  7  1  c,  c  2  tj 
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TABLE  V. 

IQ2I   W  Aurigae. 

(Reduction  of  Observations.) 


Means 

No. 

Details  in  Steps 

Seeing 

Remarks 

Steps 

Magni- 
tudes 

I 

J  38.9,  35-2.  34-3 
\  36.2,  34-3 

1 

35-7 

9-74 

good 

2 

30  7,  35-3 

36.O 

9-68 

fair,  faint  twilight 

3 

36.4,  37.2,  36.6 

3<>.7 

9-59 

good 

4 

37.4,  37.6,  37-7 

37-5 

9.46 

good 

5 

S  37-4,  37-2,  36.8 
(38.2 

1 

37-6 

9.64 

good,  Moon 

6 

37-6,  37.9,  38.2,  37.3 

37.2 

9.50 

good,  Moon 

7 

39.2,  38.4,  37.9 

38.5 

9-32 

good,  Moon 

8 

3°-7 

36.7 

9-59 

poor 

9 

36.2 

36.2 

9.67 

fair 

10 

37-7 

37-7 

9-43 

fair  to  poor 

11 

(  347,  36.8 

X  35-7,  363 

5 

35-6 

9.75 

good 

U 

\  33  7,  34-3 
1  34-2,  33-8 

f 

34-0 

9-97 

good 

14 

S  33-2,  31.3 

I  32.7.  3'.3i3i.3.  32.7 

I 
) 

32.0 

10.27 

good,  Moon 

15 

31.2,  31.3,  30.3,  32.2 

31.2 

10.38 

good 

16 

29.3,  29.8,  29.3,  31.2 

29.8 

10.60 

good 

17 

26.3,  26.7,  24.4,  26.4, 

26.4 

26.0 

1 1. 13 

good,  Moon 

18 

20.4,  22.3,  20.1 

20.9 

11.88 

good 

19 

19.9,  191 

19.5 

12.07 

good 

20 

17.8,  19.1,  17.9 

18.2 

12.27 

good 

21 

14.6 

14.6 

12.79 

good 

22 

13-5 

13.5 

12.94 

fair  to  good 

23 

<  1 2 . 5 

fair 

limit  .r  or  y 

24 

<  12.0 

fair 

limit  n 

25 

<  12.0 

twilight 

limit  m  and  0 

26 

J  32.3*  33-3,  31-7 
(  32.8,  33.3,  32.2 

) 

) 

32.6 

10.18 

low,  fair 

27 

32.3.  32.3,  32.2 

32.2 

10.24 

low.  fair 

28 

26.2,  28.4 

27.3 

10.96 

poor 

29 

24.2,  24  9,  22.4 

23.8 

11.47 

fair 

30 

22.4,  20.9,  21.3,  21. 1 

21.4 

U-79 

good 

3* 

19.4,  21.3 

20.3 

11 .95 

fair,  Moon  rising 

32 

15.9,  20.8,  17. 1,  16.5 

17-5 

12.37 

good 

33 

15.6.  16-5 

15.8 

12.58 

small  Moon 

34 

15.1,  16.5,  15.8 

K.8 

12.61 

Moon 

35 

10. 0 

10. 0 

13-47 

good 

36 

j  13.5.  "•& 

12.5 

1 3 .  09 

37 

|  13-5,  13-3 

"3-4 

12.96 

3i8 
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Datb 

No. 

3 

a 
u 
O 

£ 

Comparisons 

Month 

Day 

Hour 

Julian  Day 

M 

< 

G.  M.  T. 

I90O 

C.S.T. 

2410000-I- 

38 

Feb. 

18 

10 

5069.7 

350 

40 

(  v  a,  v  /3,  v  5-6  7,  v  6  n 

\  x  6-8  vyv  1-2  0  (2d  comparison) 

39 

22 

9 

5073.6 

350 

40 

(02  vy  P  2  vt  v  2  7«  *>  5  1 

fal  vy  p  1  v,  v  4  7,  ft  2  p,  p  3  6 

40 

24 

10 

5075-7 

175 

12 

v  not  seen 

41 

Mar. 

I 

8 

5080.6 

350 

40 

0  1-2  vy  P  1  -2  v,  v  4  7, 1/  1  By  v  5  7 

42 

21 

9 

5100.6 

275 

12 

v  1  /3,  /A  4  Vy  v  1  0 

43 

22 

9 

5IOI.6 

350 

40 

M  3  Vy  v  1  0,  v  3  7,  £  1  v 

44 

Apr. 

4 

9 

51146 

275 

12 

fl      2      Vy      V      2      P 

45 

18 

8 

5128.6 

275 

12 

y    2     Vy    V     \     Xy    v    2    ft 

46 

19 

8 

5129.6 

275 

12 

v  2  fly  x  1  vt  y  2-3  z/,  v  3  P 

47 

27 

10 

5137.7 

350 

40 

v  yt  v  2  Xy  n  3  v 

48 

29 

9 

5139.6 

150 

6 

v  not  seen 

49 

Aug. 

30 

19 

526^.0 

237 

40 

v  2  ky  v  3  / 

49<* 

Oct. 

IQOI 

23 

12 

5316.8 

237 

40 

50 

Feb. 

9 

7 

5425.5 

150 

6 

v  not  seen 

51 

1902 

10 

7 

5426.5 

150 

6 

v  not  seen 

52 

Jan. 

II 

7 

5761.5 

24 

53 

24 

7 

5774-6 

'67 

12 

54 

Feb. 
1903 

6 

10 

5787.7 

237 

40 

55 

Jan. 

1 

8 

6II6.6 

67 

12 

v  nt  A  $  Vy  v  4  x 

56 

Mar. 

21 

11 

6195-7 

80 

6 

v  not  seen 

IV  headed  44  Resulting  Magnitudes  from  Measures  with  6- and 
12-  Inch."  The  subscript,  indicates  that  the  star  was  measured 
through  the  absorption  glass,  before  mentioned,  which  cuts  down 
the  light  1.70  magnitudes  (equals  15.45  scale-divisions  with 
wedge  V).  For  the  fainter  stars,  from  x  down,  the  average 
deviation  of  the  separate  night*s  result  from  the  mean  of  the 
three  is  0.09  magnitude.  If  the  star  j>,  for  which  the  deviation 
is  anomalous,  be  omitted,  the  average  deviation  becomes  0.07 
magnitude. 

MAGNITUDE-CURVE. 

This  is  given  in  Fig.  1,  platted  with  photometric  magnitudes 
as  abscissae  and  positions  in  the  light-scale  as  ordinates ;  giving 
the  points  shown   by  the  round    dots.     In  this  case  the  " curve" 
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Means 

No. 

Details  in  Steps 

n 

Remarks 

Steps 

Magni- 
tudes 

uEEI  NG 

38 

(  9.8,  9.1,  9-4.  6.0                ) 

X  8.5,  8.3                      J 

8-5 

13-67 

fair 

39 

(  7.8,  7-i?  7-9.  5-0               ( 
(8.8,8.1,8.9                     s 

7.6 

13-82 

good 

40 

<u-5 

03-25 

fair 

limit  4  <  x 

41 

8.3,  7.6,  8.9,  7.6 

7-5 

13.83 

good 

42 

10.1,  7.3.  7-7 

8.3 

13-70 

good 

limit  0  or  i<0 

43 

8.3,  7-7,  7.9 

7-9 

13-77 

good 

limit  4  <  17 

44 

8.3,  1 1.1 

9-7 

13-50 

good,  Moon 

45 

15.1,  16.5,  13.3 

14.9 

12.76 

fair,  thick 

46 

13.3,  14.5,  14.6,  12.1 

13.6 

I2.94 

good 

limit  /3 

47 

17.1,  175,  17-3 

173 

12.39 

fair 

48 

<I2.0 

limit  n 

49 

27.9,  28.4 

28.1 

IO.83 

twilight 

49* 

12.79 

fair 

photometer 

50 

<20.4 

<n.8 

fair 

limit  1-2  <  h 

51 

<I99 

<I2.0 

fair 

limit  n 

52 

<io.9 

photo.  55  m.  exp. 

53 

9-95 

good,  Moon 

photometer 

54 

10.22 

fair  to  good 

photometer 

55 

20.3,  16.9,  19.5 

18.9 

12. 18 

good 

56 

<21.9 

<u.6 

good,  low 

limit  h 

is  a  straight  line.  The  average  distance  of  the  dots  from  the 
line  is  0.10  magnitude;  omitting  77,  the  distance  is  0.08.  The 
value  of  one  step  is  0.14  magnitude. 


VISUAL    OBSERVATIONS. 

The  visual  comparisons  of  the  variable  by  Argelander's  method 
are  given  in  detail  in  Table  V.  The  light-scale  was  formed  from 
them  in  the  usual  manner,  giving  the  quantities  in  the  fourth 
column  of  Table  III.  Table  V  also  contains  the  results  of  three 
sets  of  photometric  measures  of  the  variable  (Observations  No. 
49a>53,and  54)  and  the  magnitude  determination  from  the  pho- 
tograph (No.  52). 
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LIGHT-CURVE. 


In  Fig.  2  the  observed  magnitudes  from  1898  to  1903  are 
platted  and  the  light-curve  drawn  through  them;  the  parts  of 
the  curve  covered  by  the  observations  being  drawn  full,  while 


Magnitudes. 


15 


M 


13 


50 


40 


30 


1 


-7) 


Fi<;.   1. —  Magnitude  Curve  of   W  Auriga e. 


the  parts  assumed,  in  absence  of  sufficiently  numerous  observa- 
tions, arc  drawn  with  a  broken  line.  The  variations  seem  best 
represented  bv  the  elements  of  maximum  — 

1898.  December  24  (J.  D.  2414648)  +  276  E  (M-m=ii3) 

Magnitudes:   Max.  9.3,  Min.  13.8. 

In  Table  VI  are  collected  the  dates  of  maximum  and  mini- 
mum, together  with  a  comparison  with  the  observations  given  in 
Blajko's  summary  previously  quoted,  from  the  Nachrichten. 
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TABLE   VI. 
MAXIMA. 


Observations 

Calculated 

Blajko's  Summary 

Epoch 

Blajko's  Maxima 

Julian  Day 

Calendar 

Date 

Magnitude 

-5 

24IOOOO-}- 
3268 

1895,  xMar.  IS 

i 

1895,  Feb.  IS 
1895,  Mar.    4 

IO.I    ph 
9.3   ph 

March  or  April 

-4 

3544 

1895,  Dec.  16 

s 

189s,  Dec.  l6 
1895,  Dec.  21 

8.8  ph 
8.8  ph 

December 

-3 

3820 

1896,  Sept.  17 

—  2 

4096 

1897,  June  20 

—  I 

4372 

1898,  Mar.  23 

( 

1898,  Apr.  10 
1898,  October 

9.2    vis 
<I2       vis 

O 

4648 

1898,  Dec.  24 

1 

1899,  Feb.  21 
1899,  Mar.  31 

1 1       vis 
<I2       vis 

December 

I 

4924 

1899,  Sept.  26 

\ 
1 

1899,  October 

(  10 

<    to         vis 

1899,  Dec.  28 

12  ±  ph 

2 

5200 

1900,  June  29 

1900,  April 

12       vis 

(  Second  part 
}  of  June 

3 

5476 

1901,  Apr.  1 

March 

4 

S752 

1902,  Jan.  2 

5 

6028 

1902,  Oct.  5 

MINIMA. 


Observations 

Calculated 

Blajko's  Summary 

El'OCH 

Julian  Day 

Calendar 

Date 

Magnitude 

2410000-j- 

-4 

3431 

1895,  Aug.  25 

-3 

3707 

1896,  Mav  27 

—  2 

^^.^ 

1897,  Feb.  27 

1897,  Mar.  26 

<I2      ph 

—  I 

42^0 

1897,  Nov.  36 

1898, Jan.  16 

<  12      ph 

0 

4535 

1898,  Sept.  2 

1898,  October 

<I2     ph 

I 

4811 

1S99,  June  5 

(  1899,  Apr.  4 
\  1899,  Apr.  6 

<I2      ph 
<I2      ph 

2 

|          50S7 

1900,  Mar.  8 

3 

53h3 

1000,  Dec.  9 

4 

5t»3<) 

1 90 1,  Sept.  n 

5 

5915 

1902.  June  14 

() 

(>iqi 

1903,  Mar.  17 

In  the  column  of  "  Observations,"  "ph"  stands  for  "photo- 
graphic" and  "vis"  for  "visual."  It  will  be  seen  that  the  above 
elements  satisfy  the  observation  between  1895  an^   1903.      The 
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calculated  dates  of  maxima  and  minima  are  well  represented  by 
the  light-curve,  though  the  observations  are  not  sufficiently 
numerous  to  enable  us  to  detect  variations  of  less  than  fifteen  or 
twenty  days  with  certainty.  The  magnitudes  on  the  photo- 
graphs near  the  maximum  at  epoch  —  4  do  not  agree  very  closely 
with  my  photograph  taken  near  maximum  at  epoch  +  4  (indi- 
cated on  the  light  curve,  Fig.  2,  by  the  small  cross),  but  doubt- 
less a  large  part  of  the  divergence  can  be  accounted  for  by  the 
use  of  different  photographic  plates. 

Yerkes  Observatory, 
September  1903. 


ON    CERTAIN     METHODS    OF     ECONOMIZING     THE 

LIGHT  IN  SPECTRUM  ANALYSIS. 

By  W.  J.  Humphreys. 

No  matter  what  the  source  of  light  nor  what  kind  of  spec- 
trograph is  used  to  analyze  it,  there  are  distinct  advantages  in 
obtaining  its  spectra  as  brilliant  as  possible.  In  this  way  lines 
are  found  that  otherwise  would  escape  detection,  and  photo- 
graphs, which  of  course  integrate  the  light  during  the  time  of 
exposure,  are  obtained  more  quickly,  and  therefore  under  more 
nearly  uniform  conditions.  Moreover,  such  economy  is  desirable 
in  obtaining  spectrograms  of  very  volatile  substances,  small 
amounts  of  any  material,  arcs  under  pressure,  and  other  tempo- 
rary sources  of  light.  Again,  it  renders  practical  the  use  of 
instruments  of  correspondingly  larger  dispersive  powers  —  ar\ 
advantage  of  the  utmost  value  in  nearly  every  line  of  spectrum 
work.     • 

The  above  are  some  of  the  reasons  why  a  spectrograph 
should  be  equipped  with  light-saving  devices,  and  in  what  fol- 
lows I  shall  briefly  describe  a  few  of  these,  most  of  which  have 
been  fully  tested  experimentally. 

I.       ILLUMINATION    OF    THE    SLIT. 

Assuming  that  the  source  of  light  is  not  under  the  experi- 
menter's control,  or  if  so,  that  its  intensity  has  been  pushed  to 
the  practicable  limit  —  in  short,  with  a  fixed  source,  —  probably 
the  most  obvious  method  of  increasing  the  brilliancy  of  its  spec- 
trum, as  produced  by  a  given  instrument  with  a  definite  adjust- 
ment, is  that  of  increasing  the  illumination  of  the  slit. 

If  the  source  is  so  far  away  that  it  appears  as  a  point,  a  star 
for  instance,  or  line,  like  the  disappearing  crescent  of  the  Sun 
at  a  total  solar  eclipse,  then  it  is  quite  feasible,  as  is  generally 
known,  to  discard  the  slit  entirely  and  use  an  objective-prism  or 
grating;  but  for  obvious  practical  reasons  it  is  the  custom,  when 
working  with  large  instruments,  to  focus  the  light  with    convex 
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refractors  or  concave  reflectors  upon  a  suitable  slit,  though  such 
a  procedure  is  necessarily  beset  with  difficulties.  Large  refractors 
have  to  be  made  of  glass,  and  are  therefore  more  or  less  opaque 
to  the  ultra-violet,  while  the  light  that  gets  through  is  always  in 
some  measure  dispersed  by  chromatic  aberration.  Reflectors, 
on  the  other  hand,  are  free  from  chromatic  aberration,  but  even 
though  perfectly  figured,  if  they  consist  of  speculum  metal, 
return  scarcely  two-thirds  of  the  incident  visible  light  and  barely 
two-fifths  of  the  ultra-violet;  while,  if  silver  on  glass  is  used, 
nearly  all  the  ultra-violet  is  lost.'  With  such  sources  the  only 
means,  appliable  to  all  types  of  spectrographs,  that  has  occurred 
to  me  of  increasing  the  illumination  of  the  slit,  when  the  size  of 
the  apparatus  is  fixed,  is  by  the  use  of  properly  selected  reflect- 
ors, silver  for  the  visible  light  and  magnalium,  wherever  prac- 
ticable, for  the  ultra-violet.  A  special  method  adapted  to 
concave  gratings  will  be  described  further  on. 

When  a  flame,  electric  arc,  or  other  near-by  source  is  used, 
the  problem  is  radically  different  from  the  preceding  one, 
where  it  was  supposed  to  be  far  off.  Here,  bv  merely  placing 
the  source  in  front  of  the  slit,  a  fair  amount  of  light  is  caused  to 
reach  the  grating  or  other  analyzer  —  an  amount  which,  if  the 
source  is  uniformly  brilliant  throughout,  is  independent  of  its 
distance  so  long  as  the  cone  of  light  passing  through  the  slit  is 
large  enough  to  cover  the  analyzing  surface ;  and  to  the  end  that 
this  cone  shall  be  of  ample  size  it  is  customary  to  use  an  ordi- 
nary condensing  lens,  commonly  consisting  of  quartz  for  gratings 
to  secure  the  ultra-violet,  with  the  slit  and  source  at  its  conjugate 
foci.  When  the  light  is  intense  and  constant,  this  method  is 
sufficient  for  most  purposes.  It  also  has  the  great  advantage, 
when  prisms  or  flat  gratings  are  used,  of  giving  the  distribution  in 
the  arc  or  other  source,  of  the  substances  producing  the  spectra. 
It  has,  however,  besides  the  loss  of  some  light  by  reflection,  the 
disadvantage  of  chromatic  aberration,  by  virtue  of  which  the 
relative  intensities  of  the  colors  are  not  the  same  at  the  analyzer 
that  they  are  in  the  source. 

Of  course,  the  sharper  the  image  on  the  slit,  as  produced  by 

1  Hagen   and   Rubens.  Annakn  Jar  Physik,  8.  1-21,  1902. 
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any  one  color,  the  greater  the  amount  of  that  kind  of  light  that 
reaches  the  analyzer;  but  so  long  as  the  slit  is  kept  in  one  of  the 
foci,  and  the  cone  of  light  from  it  fully  covers  the  analyzing  sur- 
face, there  is  but  little  to  be  gained  by  altering  the  position,  size, 
or  focal  length  of  the  condensing  lens.  In  the  case  of  concave 
gratings,  however,  and  in  general  where  the  distribution  of  the 
light  in  the  source  is  not  under  consideration,  it  is  easy  to 
increase  greatly  the  brilliancy  of  the  spectrum  by  the  use  of 
suitable  concave  reflectors. 

a)  As  the  most  general  type  of  such  reflector  it  is  convenient 
to  consider  a  portion  of  an  ellipsoid  of  revolution.  Let  this  be 
adjusted  so  that  the  center  of  the  source  of  light,  say  sparks 
between  metallic  points,  shall  be  in  one  focus,  and  the  slit,  which 
should  be  parallel  to  the  line  joining  the  spark  terminals,  in  the 
other  focus  of  the  ellipsoid,  whose  inner  surface  is  supposed  to 
be  a  highly  polished  good  reflector.  The  line  joining  the  foci 
should,  of  course,  if  prolonged,  intersect  the  center  of  the  prism 
or  grating.  By  this  means  the  light  that  fills  a  large  solid  angle 
whose  vertex  is  at  the  source,  is  converged  upon  the  slit,  and,  by 
adapting  the  dimensions  of  the  ellipsoid  to  the  spectrograph  in 
use,  much  of  it  is  made  to  reach  the  analyzer.  This  method  evi- 
dently would  avoid  chromatic  aberration,  as  well  as  utilize  a 
larger  amount  of  light  than  could  be  secured  by  means  of  a  lens. 

/;)  If  the  foci  of  the  ellipsoid  are  separated  until  the  figure 
becomes  a  paraboloid  of  revolution,  with  the  source  centered  in 
the  focus,  the  rays  of  reflected  light  become  approximately 
parallel  and  may  be  condensed  upon  the  slit  with  a  suitable  lens ; 
or  bv  placing  the  slit  in  the  focus  and  close  to  the  source,  but 
between  it  and  the  parabolic  reflector,  the  parallel  rays  thus 
obtained  would  be  adapted  to  an  objective  concave  grating  or 
other  analyzer  requiring  the  use  of  a  collimator.  Of  course,  the 
disturbing  light  from  the  source  would  have  to  be  screened  off 
from  the  instrument,  and  this  could  be  done  by  a  small  opaque 
object  suitably  placed  ;  or,  among  other  ways,  the  source  might 
be  put  quite  to  one  side  and,  by  the  aid  of  a  condenser  and  small 
optical  flat  mirror,  a  brilliant  image  formed  on  the  slit. 

But  the  ellipsoid  and    paraboloid,   while    simple   enough    in 
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theory,  are  necessarily  difficult  to  make,  and  therefore  expensive; 
still  they  are  mentioned  in  this  connection  because  of  their 
decided  value,  if  properly  constructed,  and,  further,  they  naturally 
belong  with  a  third  method  described  below,  which  is  exceedingly 
easy  of  construction,  inexpensive,  and  efficient. 

c)  Again,  considering  the  ellipsoid  of  revolution,  let  its  foci 
be  brought  closer  together,  till  they  finally  coincide,  and  the 
surface  becomes  spherical.  In  this  case  the  source,  which  is  at 
the  center  of  the  sphere,  and  its  image  are  superimposed,  and 
the  condensing  lens  in  front  of  the  slit  receives  both  the  direct 
and  the  reflected  light.     Evidently  the  source  could  be  placed 
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slightly  to  one  side,  and  its  reflected  image  alone  received  upon 
the  slit.  The  particular  advantage,  that  might  occasionally  be 
desirable,  of  this  arrangement  is  the  avoidance  of  chromatic 
aberration. 

The  method  I  have  most  frequently  used  is  shown  in  Fig.  I, 
in  which  A  is  the  source,  R  a  spherical  reflector,  C  a  condensing 
lens,  and  S  the  slit. 

In  this  way  two  distinct  images  are  formed  on  the  slit,  one  an 
inverted  image  produced  by  the  direct  light,  the  other  an  erect 
image  given  by  the  reflected  light ;  and  evidently  they  may  be 
superimposed.  But  since  the  reflected  light  shines  back  through 
its  own  source,  it  must  necessarily  suffer  greater  or  less  absorp- 
tion, so  that  the  resulting  brilliancy  of  the  superimposed  images 
is  less  than  the  sum  of  those  of  the  direct  and  reflected  images 
separately.  Nevertheless,  the  combination  gives  spectra  dis- 
tinctly more  brilliant  than  those  produced  by  the  direct  light 
alone,  and  therefore  much  of  the  reflected  light  must  somehow 
get  through  the  source,  and  does  so  probably  because  the  lumi- 
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nous  vapors* are  not  sufficiently  dense  or  extensive  to  form  a 
practically  continuous  intercepting  layer. 

To  demonstrate  photographically  the  efficiency  of  the 
apparatus,  I  have  taken  advantage  of  the  fact  that  silver  is  a 
poor  reflector  of  ultra-violet  light,  but  an  excellent  one  of  longer 
wave-lengths.  The  first  three  negatives  shown  in  the  plate  were 
taken  in  the  region  of  \3200  of  the  third  order,  which  coincides 
with  X4800  of  the  second  order.  The  outer  portions  of  I  are 
due  wholly  to  light  reflected  from  a  silver  surface,  while  the 
middle  strip  was  produced  by  light  directly  from  the  arc  made 
to  pass  through  a  silver  film,  on  a  quartz  disk  of  sufficient  thick- 
ness to  be  nearly  opaque  to  all  luminous  rays.  The  position  of 
maximum  transmission  naturally  coincides  with  that  of  minimum 
reflection,  approximately  \3200,  and  therefore  the  heavy  lines  on 
the  outer  portions  of  I  belong  to  regions  of  longer  wave-length. 

The  outer  portions  of  II  are  also  due  to  reflected  light  alone, 
but  the  middle  strip  was  produced  by  undisturbed  light  directly 
from  the  arc.  It  will  be  noticed  that,  while  the  times  of  exposure 
were  as  nearly  as  possible  the  same  and  the  source  kept  constant, 
the  ultra-violet  lines  have  very  unequal  intensities  in  the  direct 
and  reflected  portions,  and  that  those  of  longer  wave-lengths 
differ  but  little  from  each  other.  Finally,  the  middle  strip  of  III 
is  due  to  direct  light,  while  its  outer  portions  were  produced  by 
the  joint  effect  of  the  superimposed  images,  direct  and  reflected. 
The  arc  was  practically  constant  and  the  times  of  exposure  the 
same.  Here  it  is  seen  that  those  ultra-violet  lines  which  are 
scarcely  at  all  reflected  have  nearly  equal  intensities  in  the  outer 
and  middle  portions,  while  those  of  longer  wave-lengths  that  are 
strongly  reflected  are  much  heavier  in  the  outer  parts.  The 
conclusion,  therefore,  is  that  the  vapors  of  the  arc  do  not  absorb 
all  the  reflected  light,  and  that  the  method  described  does 
materially  increase  the  brilliancy  of  arc-,  and  presumably  of  cer- 
tain other  spectra. 

Incidentally  it  is  seen  that  a  silver  reflector,  or  screen,  can  be 
used  as  an  aid  to  differentiate  between  ultra-violet  lines  and  those 
of  longer  wave-length. 

In  most  of  my  work  I  have  used  silver- on-glass  reflectors,  but, 
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while  this  is  the  best  known  reflector  of  visible  light,  it  is,  as 
shown  by  the  plate,  a  very  bad  one  for  the  ultra-violet,  and 
therefore  for  this  region  some  other  material  should  be  used, 
probably  magnalium  for  the  best  results. 

d)  Of  the  many  possible  optical  trains  that  might  be  used  to 
illuminate  the  slit,  there  is  one,  other  than  those  above  described, 
with  which  I  have  worked  that,  for  small  images,  yields  good 
results  with  the  concave  grating.  This  consists  of  a  spherical 
condensing  lens  used  in  the  ordinary  way,  either  with  or  without 
a  reflector  behind  the  source,  in  conjunction  with  a  double  con- 
cave cylindric  lens  of  short  focal  length,  placed  close  to  the 
slit  and  with  its  axis  at  right  angles  to  the  slit's  direction. 

By  focusing  the  light  on  the  slit  with  the  condensing  lens,  and 
then  introducing  the  cylindric  lens  as  above  described,  the 
image  will  be  elongated  in  the  direction  of  the  slit,  while  its 
width  at  the  center  will  remain  unaltered  ;  and  the  pencil  of 
light  that  gets  through,  instead  of  covering  and  surrounding  the 
grating  with  a  circle,  will  cover  it  with  a  surface  roughly  rectan- 
gular in  shape,  the  length  of  which  is  equal  to  the  diameter  of 
the  original  circle,  while  its  width  is  much  less. 

The  cylindric  lens  does  not  appreciably  alter  the  amount  of 
light  that  gets  through  the  slit,  but  places  a  much  larger  per- 
centage of  it  on  the  ruled  surface,  so  that  the  final  effect  is  to 
lengthen  out  the  spectrum  lines,  owing  to  the  elongated  image, 
and,  on  account  of  the  astigmatism  of  the  grating,  to  increase 
their  brilliancy. 

These  effects  are  shown  in  negatives  IV  and  V,  the  cylindric 
lens  being  used  in  the  latter  case.  The  source  was  a  round 
hole,  about  one  millimeter  in  diameter,  in  a  sheet  of  metal  placed 
close  to  a  large,  and  therefore  approximately  uniform,  electric 
arc.  The  times  of  exposure  were  as  nearly  as  possible  thc 
same,  and  the  plates  were  developed  together  and  for  the  same 
length  of  time.  Many  eye  observations  were  taken,  and  several 
other  comparison  plates  secured  in  the  first  three  orders  of 
the  spectrum,  and  the  results  were  everywhere  the  same  —  a 
slight  lengthening  of  the  lines,  and  a  marked  increase  in  their 
brilliancy. 
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II.      VIRTUAL    INXREASE    OF   THE   SLIT-LENGTH. 

One  of  the  peculiarities  of  the  concave  grating  is  its  astig- 
matism, by  virtue  of  which  a  point  source  in  the  slit  produces  a 
line  image  on  the  focal  curve.  When  the  slit  is  parallel  to  the 
rulings  on  the  grating,  the  several  line-images  due  to  its  consecu- 
tive points  are  superimposed,  and  a  relatively  intense  line  is  the 
result.  The  longer  the  slit,  within  certain  limits,  the  more 
intense  the  resulting  lines,  but  when  it  is  increased  beyond  a 
definite  length,  which  depends  on  the  grating  and  its  position, 
the  lines  produced  by  light  coming  from  one  end  of  it  fail  to 
overlap  those  due  to  light  from  the  other  end,  and  clearly 
increasing  the  slit-length  beyond  this  does  no  good.  However, 
there  are  many  sources  of  light,  such  as  end-on  Plucker  tubes, 
sparks  between  close  terminals,  and  others,  whose  images  as 
produced  by  an  ordinary  condensing  lens^  limit  the  slit  to  much 
less  than  its  maximum  efficient  length.  Besides,  the  image  may 
always  be  rendered  small  by  means  of  a  short-focus  condensing 
lens,  and  in  many  cases  the  only  objection  to  this  is  the  loss  of 
some  light  due  to  greater  chromatic  aberration,  and  the  increased 
difficulty  of  keeping  the  image  properly  placed  on  the  slit. 

In  practically  all  cases,  then,  the  circle  of  light  that  covers 
the  grating  may  be,  and  usually  is,  much  greater  than  the  area  of 
the  ruled  surface,  and  thus  only  a  small  portion  of  the  light  that 
gets  through  the  slit  is  of  any  service. 

Clearly,  however,  if  this  waste  light  could  be  made  to  fall  on 
the  ruled  surface  in  the  direction  which  it  would  have  if  it  came 
from  some  point  close  to  and  in  line  with  the  slit,  the  astigmatism 
would  cause  the  resulting  spectrum  lines  to  overlap  those  due  to 
the  direct  light  from  the  slit,  and  the  brilliancy  of  the  spectrum 
would  be  increased. 

a)  As  already  explained,  excellent  results  of  this  kind  can  be 
obtained  with  a  concave  cylindrical  lens  placed  before  the  slit, 
but  similar  effects  are  possible  with  suitable  apparatus  properly 
located  between  the  slit  and  grating.  One  of  these,  which,  owing 
to  the  difficulty  of  its  construction,  will  probably  have  onlv  a 
theoretical  interest,  is  a  curved  convex  cylindrical  lens — a  por~ 
tion  of  a  ring — of  proper  focal   length,  and  of  such  shape  and 
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position  that  it  will  be  normally  intersected  by  each  plane  deter- 
mined by  the  slit  and  a  line  on  the  grating. 

b)  There  is  another  method,  however,  efficient,  simple  to 
construct,  and  easy  to  use.  This  consists  of  a  pair  of  optical 
flats  close  to  the  slit,  but  between  it  and  the  grating,  with  their 
ends  properly  separated  and  the  pair  so  adjusted  that  the  plane 
fixed  by  the  slit  and  the  central  ruling  on  the  grating  shall  be 
normal  to  their  reflecting  surfaces.  Chromatic  aberration  is 
thus  avoided. 

The  method  is  shown  schematically  in  Fig.  2,  which  also 
gives  a  geometric  means  of.  determining  the  proper  inclination  of 
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Fig.  2. 

the  reflectors  to  each  other  for  any  given  slit-length  and  grating 
distance.  For  the  sake  of  keeping  the  lines  well  separated  in 
the  drawing  the  angles  are  greatly  exaggerated. 

In  the  figure  5  is  the  slit,  R,  Rx  the  two  reflectors,  and  /,  Ix 
the  slit's  images  in  these  reflectors.  For  a  given  position  of  the 
grating  let  a  ray  from  the  bottom  of  the  slit  be  reflected  from  a 
point  near  the  end  of  the  upper  reflector  to  the  top  of  the  grat- 
ing. Other  rays  from  the  same  point  in  the  slit  will  go  directly 
to  the  grating,  others  miss  it  entirely,  but  still  others  will  be 
reflected  from  nearer  points  on  R  to  parts  of  the  grating  below 
the  top.  The  same  thing  holds  for  every  other  point  in  the 
slit,  except  that  the  higher  it  is,  the  nearer  will  be  the  parts  of 
R  that  reflect  its  light  to  the  grating.  Similarly  for  the  lower 
reflector. 

To  determine  the  proper  setting  of  the  reflectors,  draw  a  line 
from  the  upper  end  of  the  image  /,  which  should  be  of  the  same 
length  as  S,  past  the  far  end  of  R  to  the  top  of  the  grating,  and 
another  from  the  same  point  parallel  to  the  line  that  joins  the 
center  of  5  with  the  middle  point  of  the  ruled  surface.      Let  the 
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angle  so  formed  be  a,  then  if  /  is  the  length  of  the  rulings  on  the 
grating,  and  L  the  distance  from  the  slit  to  the  grating, 


tan  a  = 


2Z 


nearly. 


Let  the  angle  between  R  and  the  above  ray  to  the  top  of  the 
grating  be  y9,  and  the  length  of  the  reflector  a,  then 

tan  ft  —  —  nearly. 

Finally  call  the  semi-angle  between  R  and  Rz  7,  then  y  =  a+f3, 
a  determinate  quantity. 

The   following  table  gives  some  of  the   numerical  values  of 
these  constants  with  which  I  have  worked. 

Length  of  reflectors,  12.5  cm;  focal  length  of  grating,  6.4  m; 
length  of  rulings  on  the  grating,  5  cm;  distance  of  grating  from 
the  slit,  a  variable  quantity,  but  as  a  somewhat  extreme  and 
unfavorable  case  say  4  m,  which  puts  X4400,  third  order,  at  the 
center  of  the  camera. 

TABLE  OF  CONSTANTS. 


Distance  Be 
Length  of  Slit    tween  Reflectors 
at  Slit 


Distance  Be- 
tween Reflectors 
at  End  from  Slit 


Required  Radius 

of  Circle  of 
Light  at  Grating 


From  this  it  evidently  is  not  necessary  to  use  even  a  large 
condensing  lens,  or  cone  of  light  of  wide  angle ;  and,  further, 
it  clearly  is  easy  to  obtain  a  slit  and  its  reflections  practically 
three  times  the  length  of  the  slit  alone,  all  sending  light  to  the 
grating  in  such  directions  that  it  will  produce  superimposed, 
and  therefore  relatively  brilliant,  spectrum  lines.  Besides,  the 
angle  of  incidence  is  so  large  that  the  images  are  nearly  as 
bright  as  the  slit  itself.  The  reflectors  with  which  I  have  worked 
consist  of  silver  chemically  deposited  on  glass  optical  flats, 
though  this,  in  spite  of  the  large  angle  of  incidence,  is  probably 
not  the  best  material  for  the  ultra-violet. 

In  those  cases  where  the  image  is  practically  a  point  and  the 
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angle  of  the  cone  of  light  very  large,  better  results  might  be 
obtained  with  suitable  cylindrico-parabolic  reflectors  with  their 
common  foci  at  the  center  of  the  slit,  but  under  all  ordinary  cir- 
cumstances the  flats  are  best  and  easiest  to  use. 

I  have  found  it  convenient  to  fasten  the  reflectors  respectively 
to  an  upper  and  a  lower  piece  of  brass,  and  to  provide  these 
with  two  sets  of  screws,  one  of  which  adjusts  the  reflectors  rela- 
tively to  each  other,  while  the  other,  by  resting  on  a  small  plat- 
form, adjusts  the  combination  to  the  slit.  The  successful  use  of 
this  attachment,  instead  of  being  difficult,  as  one  might  suppose, 
is  very  easy.  None  of  the  adjustments  is  difficult,  and  once  the 
device  is  properly  set,  but  little  additional  attention  is  required 
other  than  keeping  the  image  at  the  proper  place  on  the  slit. 

The  general  character  of  the  results  is  shown  in  negatives  VI 
and  VII.  Since  these  were  taken  only  for  the  purpose  of  illus- 
trating the  principle,  a  very  short  slit,  of  about  one  millimeter, 
was  used  instead  of  a  small  image.  It  will  be  noticed  that  the 
lines  of  VI  are  triple,  the  outer  components  being  broad  and 
hazy;  and  that,  if  all  three  were  made  equally  sharp  and  brought 
together,  they  would  overlap  through  most  of  their  length  and 
produce  a  decidedly  more  intense  line.  This  effect  of  tripling 
the  lines  and  blurring  the  lateral  ones  was  secured  by  tipping 
the  mirrors,  and  thus  putting  the  images  out  of  line  with  the  slit 
and  also  out  of  line  with  the  rulings  on  the  grating.  Negative 
VII  was  taken  when  the  mirrors  were  properly  adjusted,  and 
though  the  three  sets  of  lines  are  here  superimposed,  it  is  free 
from  noticeable  defects  of  any  kind. 

III.       SHAPE  OF  THE  GRATING. 

The  general  theory  of  reflecting  gratings  leaves  great  freedom 
of  choice  as  to  the  shape  of  the  surface,  but  the  difficulties  of 
construction,  convenience  of  use,  and  other  considerations  so 
narrow  the  limits  that,  to  the  best  of  my  knowledge,  only  flat 
and  spherical  concave  surfaces  are  used. 

If  the  light  is  sufficiently  intense,  the  astigmatism  of  the  con- 
cave grating  as  commonly  mounted  will  do  no  harm,  but  in  the 
case  of  feeble  sources,  or  even  faint  lines  in  a  bright  source,  this 
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will  cause  many  parts  of  the  spectrum  to  be  overlooked  that 
could  easily  be  seen  if  all  the  energy  was  concentrated  to  closer 
limits.  It  would  therefore  be  very  desirable,  while  retaining 
normal  spectra,  to  reduce  the  astigmatism  to  a  minimum,  and 
consequently  it  seems  worth  while  to  determine  what  surface 
will  do  this,  and,  if  the  theoretical  one  is  difficult  of  construc- 
tion, to  find  the  nearest  practical  approach  to  it. 

Let  the  slit,  grating,  and  camera  be,  as  in  the  Rowland 
mounting,  on  the  vertices  of  a  right-angled  triangle,  as  shown  in 
Fig.  3»  where  5  is  the  slit,  G  the  grating,  and  F  the  position  of 
the  camera  or  viewing  telescope.  Let  the  plane  determined  by 
5  G  F  be  horizontal,  and  the  slit,  which  should  be  parallel  to 
the  rulings  on  the  grating,  vertical.  Let  the  surface  of  the  grat- 
ing, concave  as  viewed  from  F,  be  a  portion  of  a  torus,  and  let 
the  rulings  be  at  right  angles  to  the  equator,  and  be  divided  into 
equal  upper  and  lower  halves  by  it.  Further,  let  the  radius  of 
horizontal  curvature  of  the  grating  be  equal  to  G  F,  and  its 
radius  of  vertical  curvature  equal  to  any  desired  value.  Also  let 
the  rulings  be  equally  spaced  along  a  horizontal  chord,  so  that 
the  grating  as  completed  and  mounted  will  differ  from  the  usual 
spherical  concave  grating  only  in  having  a  different  radius  of 
vertical  curvature.  With  these  conditions  it  will  be  found,  on 
making  somewhat  tedious  but  simple  enough  substitutions  in 
Runge's  formula?,1  i.  e,  by  using  the  equations  of  a  torus  instead 
of  those  of  a  sphere,  that  the  two  concave  gratings,  spherical 
and  toroidal,  scarcely  differ  except  in  the  matter  of  astigmatism. 

The  problem  then  reduces  to  that  of  finding  the  vertical 
curvature  of  a  grating  whose  horizontal  curvature  is  given,  that 
will  produce  the  required  amount  of  concentration. 

Let  this  requirement  be  that  a  point  in  the  slit  shall  give  a 
point  image.  To  do  this  evidently  the  vertical  curvature  must 
be  such  that  the  sum  of  the  distances  from  the  given  place  in 
the  slit  to  any  point  on  a  fixed  ruling,  say  the  middle  one,  and 
from  that  same  point  to  the  focus  shall  be  a  constant;  that  is, 
this  particular  ruling  must  be  on  the  surface  of  an  ellipsoid  of 
revolution  whose  foci  are  at  5  and  F, 

1  Kayskr's  Huttdbuch  Jer  Sf('<'fros:of>iey  I,  p.  452  ff. 


ECONOMIZING  LIGHT  OF  SPECTRA 


335 


Let  A  G  B  C  be  the  horizontal  section  of  this  ellipsoid.  Then 
to  determine  the  proper  radius  of  vertical  curvature  of  the  torus, 
cut  this  ellipsoid  by  a  vertical  plane  passing  through  /^and  G ; 
that  is,  by  a  plane  passing  through  one  focus  and  the  end  of 
a  latus-rectum  through  the  other  focus  and  normal  to  the  plane 
determined  by  this  latus-rectum  and  the  major  axis. 


Fig.  3. 

The  curve  thus  cut  out  of  the  ellipsoid  is  an  ellipse,  and  on 
revolving  it  about  a  vertical  axis  passing  through  F  and  parallel 
to  its  minor  axis  the  required  torus,  a  part  of  whose  surface  about 
G  forms  the  grating,  is  generated. 

Such  an  elliptical  toroidal  surface,  however,  is  quite  beyond 
the  power  of  ordinary  skill  to  form,  but  any  uniform  curve  that 
closely  fits  this  ellipse  at  the  end  of  its  major  axis  would  give 
very  nearly  the  same  results,  and  doubtless  among  these  the  cir- 
cle is  the  simplest;  and,  moreover,  at  the  end  of  the  major  axis, 
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the  place  required,  a  circle  whose  radius  is  equal  to  the  semi- 
latus-rectum  has  a  very  high  order  of  contact  with  the  ellipse,  so 
that  the  circle  is  not  only  the  simplest  curve,  but  also  one  of 
closest  approach  to  the  ideally  correct  one. 

To  generate  the  required  circular  torus,  revolve  a  circle  whose 
radius  is  equal  to  the  semi-latus-rectum  of  the  elliptical  section, 
as  above  described,  at  right  angles  to  its  plane,  about  a  vertical 
axis  passing  through  F,  and  have  it  so  situated  that  the  equator 
of  the  torus  shall  pass  through  G 

Of  course,  such  a  surface  could  give  zero  astigmatism  at  only 
one  place,  at  Ft  where  £  F  is  the  distance  between  the  foci  of  the 
ellipsoid  of  revolution.  It  will  thus  be  necessary,  after  deter- 
mining the  radius  of  horizontal  curvature  G  F,  and  the  ruling  to 
be  used,  to  decide  in  what  part  of  which  spectrum  the  maximum 
intensity  is  desired.  This  will  fix  the  value  of  S F,  and  through 
it,  as  shown  above,  the  radius  of  vertical  curvature,  which  in  all 
cases  will  be  equal  to  5  G. 

This  same  value  for  the  vertical  curvature,  with  the  condition 
that  a  point  source  at  5  shall  give  a  point  image  at  F,  is  readily 
obtained  from  Mitchell's1  and  also  from  Runge's3  general  equa- 
tion for  astigmatism,  but  possibly  the  above  direct  and  simple 
discussion  of  the  problem  is  not  superfluous,  since  it  shows  that 
the  figure,  as  determined  by  these  equations,  is  only  an  approx- 
imation, though  an  exceedingly  close  one,  to  the  ideally  correct 
surface. 

Mitchell's  equation  is 

in  which  C  is  the  half-length  of  a  spectrum  line  due  to  a  point 
source  in  the  slit,  Z  the  half-length  of  a  ruling,  r  the  radius  of 
horizontal  curvature,  R  the  distance  of  the  slit  from  the  grating, 
p  the  radius  of  vertical  curvature  as  I  use  it,  or  radius  of  the 
sphere  as  Mitchell  uses  it,  7  the  angle  of  incidence,  and  p  the 
angle  of  diffraction. 

1  Asi'RopiiYsirAL  Journal,  8,  107,  1898. 

2  Kawskr's  Handbuch  der  Spectroscopic,  I,  464. 
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When  the  Rowland  mounting  is  used,  R  =  r  cos  7,  and  at  the 
center  of  the  camera  m  =  o;  and  therefore  C  =  o  when 

/'  +  cosY__!_\ 

\        p  r  cos  y/ 

that  is,  when 

p  —  r  cosy  =R. 

Runge's  expression  for  the  entire  length  of  a  spectrum  line  is 

7-'  +  [p-*'  +  7<p-*)]-£. 

where  s  =  length  of  slit,  /  —  length  of  ruling,  p  =  radius  of  curva- 
ture, vertical  as  I  use  it,  r—  distance  of  slit  to  grating,  rf  —  dis- 
tance of  camera  from  grating,  a  —  \ht  x  co-ordinate  of  the  slit 
when  the  center  of  the  grating  is  taken  as  the  origin,  af '=  the 
corresponding  x  co-ordinate  of  the  spectrum  line. 

When  the  Rowland  mounting  is  used,  and  the  x  axis  is  the 
line  joining  the  grating  with  the  camera,  we  have,  where  7  is  the 
angle  of  incidence, 

a'  =  r',  a  —r  cos  y,  and  r'cos  y-    r ; 
and  therefore  in  this  case  for  point  sources,  that  is  with  5  =  0, 
the  length  of  the  spectrum  lines  becomes 

{p-r'+7p-rYp  ' 

and  this  vanishes  when  p  =r. 

Evidently,  then,  zero  astigmatism  may  be  obtained  by  having 
the  radii  of  horizontal  and  vertical  curvature  of  the  grating  equal 
respectively  to  its  distances  from  the  camera  and  the  slit. 

Finally,  it  would  be  extremely  desirable  so  to  set  the  cutting 
diamond  point  that  the  grating  shall  give  its  most  brilliant  spec- 
trum at  that  place  where  the  astigmatism  is  least. 

Possibly  a  satisfactory  approach  to  the  above  surface  may  lie 
beyond  the  skill  of  practical  opticians,  but,  whether  for  the  pres- 
ent this  is  true  or  not,  it  seemed  to  me  worth  while  to  discuss 
one  of  its  valuable  properties  when  used  for  a  grating. 

IV.       CAMERA    ATTACHMENTS. 

Prism  and  plane-grating  spectrographs,  when  illuminated  by 
a  line  source,  produce  line  images,  while  the  spherical   concave 
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grating,  as  usually  mounted,  gives  lines,  whether  the  source  is 
also  a  line  or  only  a  point. 

Therefore,  in  all  these  cases  the  energy  in  any  given  wave- 
length is  spread  out  over  a  line  of  greater  or  less  magnitude,  and, 
if  it  happens  to  be  very  feeble,  may  not  be  detected  at  all. 
Clearly,  then,  it  would  be  desirable  to  concentrate  this  energy 
within  narrower  limits,  and  for  photographic  purposes  this  is 
quite  possible,  since  for  a  given  wave-length  the  actinic  effect 
depends  rather  on  the  quantity  of  light  that  reaches  a  given 
point  than  on  small  differences  in  direction. 

In  what  follows  I  shall  assume  that  the  spectrum  lines  are 
straight,  as  they  are  when  due  to  gratings,  either  plane  or  con- 
cave, and  as  they  may  be  in  prism  instruments,  provided  the  slit 
is  properly  shaped.  Further,  though  the  principles  are  exactly 
the  same  for  all,  I  shall  describe  the  methods  as  applied  to  a 
large  concave  grating  spectrograph,  the  instrument  with  which  I 
have  worked. 

a)  One  method  of  thus  concentrating  the  spectrum  lines  is  to 
place  in  front  of  the  photographic  plate  a  short-focus  cylindric 
lens,  whose  axis  is  parallel  to  the  focal  curve.  By  suitably 
adjusting  the  distance  between  the  plate  and  lens  the  normally 
long  lines  are  reduced  to  very  short  ones,  and  the  intensity 
greatly  increased.  This  method,  however,  is  open  to  several 
objections.  The  lines  probably  will  not  have  exactly  the  same 
intervals  between  them  that  they  would  have  without  the  lens, 
and,  besides,  they  are  not  so  clearly  defined.  If  the  lens  is 
long,  it  must  necessarily  be  made  of  glass,  and  therefore  not  be 
applicable  to  much  of  the  ultra-violet.  Still,  even  with  all  these 
objections,  the  cylindric  lens  is  of  service  in  hunting  for  very 
faint  lines,  especially  if  they  happen  to  be  somewhat  hazy. 

//)  Another,  and  in  most  cases  much  better  method  is  to 
place  good  reflectors  in  front  of,  but  close  to,  the  plate.  This 
arrangement  is  shown  in  Fig.  4,  where  P  is  the  photographic 
plate,  /vlt  R2  the  reflectors,  and  G  the  grating.  Evidently  some 
of  the  light  will  reach  the  plate  directly,  while  two  other  portions 
will  be  reflected  to  the  same  place,  one  from  R%,  the  other  from 
7?^,  and  the  three  acting  together  will  correspondingly  increase 
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the  photographic  effect.  The  reflected  rays  clearly  pass  over 
somewhat  longer  paths  than  do  the  direct  ones,  but  this  differ- 
ence, one  millimeter  at  most,  is  not  enough,  when  long-focus 
gratings  are  used,  materially  to  affect  the  definition. 

To  secure  the  best  results  the  surfaces  of  the  reflectors  must 
be  normal  to  a  plane  containing  the  spectrum  line  in  question 
and  passing  through  the  center  of  the  grating.  Therefore,  for 
the  middle  of  the  camera  of  a  concave  grating  the  reflectors 
should  not  be  optical  flats,  but  each  should  be  a  portion  of  a 
right  cone  whose  vertex  is  on  the  tangent  to  the  middle  of  the 
central  ruling.     For  a  short  distance  this  very  closely  coincides 


R7 


Fig.  4. 


with  a  flat,  and  negative  VIII  was  secured  with  such  optical 
plates.  A  mere  glance  at  this  negative  will  show  that  the 
reflectors  greatly  increase  the  photographic  effect,  while  a  care- 
ful examination  of  it  will  reveal  but  little,  if  any,  injury  to  the 
definition. 

Much  greater  concentration  could  be  had  by  using  surfaces 
whose  vertical  sections  through  the  axis  give  parabolas  instead 
of  straight  lines  as  furnished  by  the  cone.  The  photographic 
plate  should,  of  course,  in  this  case  be  placed  near  the  latus- 
rectum.  Each  reflecting  surface,  according  to  this  plan,  would 
be  part  of  a  parabolic  toroid. 

Accurately  to  figure  either  of  these  surfaces,  the  conical  or 
parabolic  toroidal,  would  be  difficult,  but  even  for  the  best 
results  accuracy  of  shape  is  not  essential.  It  is  only  necessary 
that  the  reflected  light  should  fall  somewhere  on  a  short  straight 
line,  and  therefore  it  is  sufficient  if  the  horizontal  sections  of  the 
reflectors  are  true  circles.  The  vertical  sections  in  the  one  case 
need  not  give  perfectly  straight  lines,  nor  those  of  the  other  exact 
parabolas.  With  these  conditions  the  surfaces  would  be  very 
much  more  easily  figured,  and  yet  quite  as  efficient  in  every  way. 


340  W.  /.  HUMPHREYS 

Evidently  in  many  cases  two  or  more  of  these  methods  may 
be  combined,  with  the  result  of  correspondingly  multiplying  the 
final  brilliancy  of  the  spectrum  lines. 

While  I  have  seen  no  reference  to  the  actual  use  of  any  of 
these  modifications  or  attachments,  still  from  their  very  simplicity 
it  would  be  surprising  if  no  such  application  has  been  made  of 
them.  Indeed,  Rowland1  suggests  the  use  of  a  cylindric  lens, 
which  from  the  context  I  take  to  be  the  same  as  IV,  a,  but  does 
not  say  that  he  actually  so  used  it.  Besides,  1  know  that  I,  d, 
has  independently  occurred  to  Wadsworth,  but  I  have  seen  no 
account  of  its  use  in  this  way. 

The  material  of  the  grating,  various  photographic  processes, 
and  manipulations,  and  even  means  of  intensifying  the  brilliancy 
of  the  arc,  flame,  or  other  source,  might  all  be  discussed  under 
the  general  title  of  this  paper,  but  at  present  I  have  nothing  to 
contribute  on  any  of  these  important  points. 

University  of  Virginia, 
April  1903. 

T  Physical  Papers,  p.  489. 


THE  SPECTRUM  OF  o  CETL* 

By  Joel   Stebbins. 

On  account  of  the  great  instrumental  power  required  for  the 
observation  of  the  spectra  of  faint  objects,  changes  in  the  spectra 
of  long-period  variable  stars  have  not  been  well  studied.  In 
fact,  there  is  no  star  which  undergoes  a  large  variation  in  bright- 
ness whose  spectrum  has  been  systematically  followed  from  maxi- 
mum to  minimum,  or  vice  versa.  It  is  proposed  to  give  here  the 
results  of  a  study  of  the  spectrum  of  o  Ceti,  or  Mira,  made,  at 
the  suggestion  of  Director  Campbell,  with  the  thirty-six-inch 
refractor  of  the  Lick  Observatory,  from  June  1902  to  January 
1903.  During  this  period  the  star  faded  in  brightness  from  3.8 
to  9.0  magnitude.  The  first  photograph  of  the  spectrum  was 
obtained  about  three  weeks  after  the  predicted  time  of  maximum, 
and  a  series  of  plates  was  secured  covering  the  interval  to  mini- 
mum. No  negatives  were  obtained  after  the  star  had  again 
begun  to  increase  in  brightness. 

The  most  important  articles  concerning  the  spectrum  of  Mira 
are  those  of  Vogel,2  Sidgreaves,3  and  Campbell.4  Neither  Vogcl 
nor  Sidgreaves  followed  the  star  long  enough  to  find  much 
change  in  its  spectrum,  and  Campbell's  work  was  mainly  in  con- 
nection with  observations  of  the  star  for  radial  velocity,  with 
the  Mills  spectrograph. 

INSTRUMENTS    AND     METHODS. 

The  spectrograph  used  in  my  observations  was  the  one 
employed   by   Messrs.  Campbell   and  Wright   in   their  work   on 

x  *'  Dissertation  in  Partial  Fulfillment  of  the  Requirements  for  the  Degree  of  Doctor 
of   Philosophy  in  the  University  of  California,*'  Lick  Observatory  Bulk  tin  No.  41. 

*  H.  C.  Vogel,  "  Ueber  das  Spectrum  von  Mira  Ccti,""  Si/zHugs/n-ric/i/c  der  Berliner 
Acad.,  p.  143,  1896. 

3  Walter  Sidgreaves,  "The  Spectrum  of  o  Ccti  as  Photographed  at  Stonyhurst 
College  Observatory,"  Monthly  Notices,  58,  344,  April  1S0S. 

4  W.  W.Campbell,  "  Note  on  the  Spectrum  of  0  tV//,"  As  1  kophysical  Journal, 
9,  31,  January  1899. 
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Nova  Persei,1  designated  as  "Spectrograph  I."  It  is  the  regular 
Mills  spectrograph  converted  into  a  one-prism  instrument.  It 
gives  good  definition,  on  the  same  photograph,  of  the  region 
from  X3700  to  X5600.  The  length  of  this  range  of  spectrum  is 
28mm.  Although  this  dispersion  is  only  about  one-fifth  of  that 
of  the  three -prism  instrument,  it  is  enough  to  yield  a  very  fair 
determination  of  velocity. 

When  the  seeing  is  good,  an  exposure  of  ten  minutes  will 
give  a  satisfactory  negative  of  a  star  to  which  the  Draper  Cata- 
logue assigns  the  photographic  magnitude  5.0.  If  o  Ceti  were 
of  about  the  tenth  photographic  magnitude  at  minimum,  it  would 
require,  roughly,  an  exposure  of  one  hundred  times  as  long  as  a 
fifth-magnitude  star,  or  about  sixteen  hours.  Some  of  the  light 
being  in  bright  lines,  we  should  expect  a  still  longer  exposure 
to  be  necessary.  This  estimate  agrees  with  my  experience. 
About  July  1,  1902,  an  hour's  exposure,  just  before  daylight, 
could  be  made  on  the  star,  and  it  was  bright  enough  to  photo- 
graph in  that  time.  An  exposure  of  six  hours  at  the  time  of 
minimum,  using  the  fastest  photographic  plate  obtainable,  was 
not  sufficient  to  produce  a  measurable  image,  although  much 
could  be  seen  in  a  qualitative  way.  On  January  5,  1903,  the 
date  of  my  last  negative,  an  exposure  of  five  hours,  beginning 
soon  after  sunset,  was  possible.  Early  in  March  1903,  the 
spectrum  was  again  bright  enough  to  record  itself  with  a  fairlv 
short  exposure;  and  in  the  absence  of  the  writer,  Messrs.  Reese 
and  Curtis  were  ready  to  make  an  attempt,  but  bad  weather 
prevailed. 

A  Iluggins  reflecting  slit  is  used  with  this  instrument.  A 
ninth-magnitude  star  can  be  followed  accurately. 

No  flexure  of  the  instrument  was  noticed  on  any  of  the 
earlier  plates.  The  comparison  spectrum  was  inserted  at  least 
four  times  during  each  exposure,  and  the  definition  was  satis- 
factory. Several  long  exposures  in  September  and  October 
were  imperfect,  but  the  trouble  was  finally  removed  by  taking 
greater  precautions  in  tightening  the  various  clamps  and  screws. 

As    there    were    no    means    of    controlling    electrically    the 

1  /..  O.  Bulletin  No.  8. 
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temperature  of  the  instrument,  changes  of  temperature  must 
have  effected  the  definition.  The  spectrograph  when  in  use  was 
covered  with  two  thicknesses  of  woolen  blanket. 

The  same  emulsion  of  Cramer's  " Crown"  plates  was  used  for 
most  of  the  work.  A  few  exposures  in  July  and  August  were 
made  on  Cramer's  '•  Isochromatic  Instantaneous,"  but  the 
44 Crown"  plates  were  more  sensitive. 
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502278 

3795  05 

-\-o .  10 

3795 -'5 

Bright,  faint 

21.950 

198.703 

503264 

3798.33 

-j-o.  10 

4-0.36 

3798.79 

26 . 124 

194.529 

514062 

3834-27 

+  O.OQ 

3S34-36 

Bright 

26. 30  I 

194-352 

5M530 

3835.83 

-j-0.06 

4-0.36 

3836.25 

Bright,  faint 

28.241 

192.412 

519718 

3853-10 

-ho.  05 

+0-37 

3853.52 

2Q.0/2 

191. 641 

521809 

3800.06 

0.00 

iS^o . 06 

32.III 

188.542 

530386 

3888.61 

-\-o .  06 

3888.67 

Bright 

}2.208 

188.445 

530659 

3889.52 

+0.03 

+0  •  37 

3889.92 

3* -$70 

187.783 

532530 

3895.75 

-j-o .  os 

3S95  ■  So 

33-3oo 

187.353 

533752 

3899.82 

-\-0.03 

3899-85 

Bright,  faint 

33.950 

186.703 

535010 

3906.00 

•  0.02 

-fo-37 

3906 . 39 

30.230 

184.423 

542232 

3928.04 

-f<>.  iv 

3928.08 

40.364 

180.289 

554665 

3969.43 

—0.0  j 

396Q . 4/ 

H.  line  of  Sun 

40.345 

180.308 

5-4607 

3969.24 

0.00 

+0.38 

3969 . 62 

Bright 

40.479 

180. 174 

555019 

3970.61 

0.00 

4-0.38 

3970.99 

5  wide 

41.381 

179.272 

557812 

3979.91 

—  0.01 

4-0.38 

3080.28 

5  wide 

41.665 

178.988 

558697 

3982.85 

—  0.01 

4-0.38 

3983.22 

3 

42.396 

178.257 

560988 

3990.48 

—  0.01 

4-0. 3S 

3900.85 

Bright  place 

43.116 

177-537 

563263 

3998.05 

—  0.01 

-fo.38 

3998.42 

4 

43-25I 

177.402 

Sb3D92 

3099.48 

—  0.01 

4-0.38 

3990-85 

Blight  place 

43-518 

177    135 

564541 

4002.30 

—  0.01 

4-0.38 

4002.  07 

43-Sro 

176.843 

565473 

4005.41 

0.00 

40 os .  4' 

Bright  place 

43 • 996 

176.657 

566069 

4007 . 30 

—  0.02 

4-0.38 

4007.75 

4  wide 

44.170 

176.483 

566627 

4009.25 

—  0.02 

4-0.38 

4000.61 

4 

45.282 

175.371 

570220 

4021 .21 

—  0.02 

-4-0  .  38 

4021.57 

5  very  wide 

45.610 

I75.043 

571288 

4024.76 

—  0.02 

-  0.  38 

4025.12 

4 

45.850 

174.803 

572073 

4027.38 

—  0.03 

-fo.38 

4027.73 

4  tine 

46.436 

174.217 

573997 

4033.78 

—  0.03 

4-0-38 

403J-I3 

47  -S4(> 

173-107 

577°77 

4046.03 

—  o.o-r 

4045-98 

3 

48.394 

172.250 

580521 

4055.50 

—  O.03 

+0.3  9 

4055.86 

4Q . /30 

171.523 

vS}0I2 

4063.79 

+(>•/,- 

4063.91 

19  • 849 

170.804 

585466 

4071 .96 

-o.os 

407I-9I 

4  wide 

50.414 

170.239 

587400 

4078.43 

—  0.04 

4-0 • 39 

4078.78 

3  P°or 

50.850 

169.803 

0*8918 

4083.45 

—  0.04 

4-0.30 

408 3. So 

3  poor 

51-274 

160. 379 

590392 

40S8.36 

-0.04 

4-0.39 

4088.71 
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All  of  the  plates  taken  in  this  work  were  measured  and 
reduced  with  the  iron  spark-spectrum  as  comparison.  From  the 
ultra-violet  to  X4415  there  are  many  strong  and  sharp  iron  lines. 
From  X4415  to  X5600  the  iron  lines  are  fainter,  and  many  of 
them  have  companions.  The  region  from  X  4800  to  X  5600  of 
the  iron  spectrum  was  photographed  with  three  prisms.  It  was 
found  that  there  were  several  lines  in  this  region  which  had  no 
companions,  and  which  could  be  used  without  hesitation.  Close 
double  lines  were  assumed  to  have  positions  depending  upon  the 
relative  intensities  of  their  components. 

The  plates  were  measured  with  one  of  the  measuring  micro- 
scopes in  use  for  the  regular  line  of  sight  work.  Each  plate 
was  measured  with  both  violet  left  and  violet  right  in  the  eye- 
piece. 

A  plate  of  the  sky  was  taken  with  a  very  long  slit  and  the 
amount  of  the  curvature  of  the  comparison  lines  was  determined 
in  the  same  manner  as  by  Campbell.1  The  curvature  corrections 
were  found  to  be  insignificant. 

The  reductions  from  micrometer  readings  to  wave-lengths 
were  based  on  the  Cornu-Hartmann  formula,  much  of  the  com- 
putation being  done  with  a  Brunsviga  calculating  machine.  The 
wave-lengths  of  the  comparison  lines  were  taken  from  Rowland's 
table.  The  example  on  page  343  shows  the  complete  reduction 
of  a  plate  after  the  constants  of  the  formula  had  been  derived. 
Italicized  figures  are  used  for  the  comparison  lines. 

DATA    OF    THE    OBSERVATIONS. 

In  Table  II  is  given  a  list  of  the  plates  secured  with  Spectro- 
graph I.  Mr.  Wright  obtained  three  plates  in  1 90 1,  and  he 
kindly  turned  them  over  to  me  for  measurement  and  discussion. 
The  width  of  the  slit  is  expressed  in  terms  of  the  divisions  on 
the  head  of  the  screw,  one  division  corresponding  to  0.025mm. 
One  plate,  taken  on  September  16,  was  discarded  on  account  of 
threat  flexure  during  the  exposure.  Something  of  interest  was 
found  on  all  other  plates,  except  57  A. 

The  brightness  of  the  star  at  the  time  when  each  plate  was 

1  Astropiiysh  ai.  Journal,  8,  144,  1898. 
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taken  is  shown  in  Fig.  I.  The  observations  of  visual  magnitude 
are  given  at  the  end  of  .this  paper.  As  the  plates  are  well 
distributed  along  the  light  curve  until  about  the  time  of  the 
minimum,  no  great  change  in  the  spectrum  could  have  escaped 
observation. 

ABSORPTION    SPECTRUM. 

As  is  well  known,  o  Ceti  and  the  other  long-period  variables 
have  absorption  spectra  of  Secchi's  third  type.  Some  observers 
have  found  the  region  from  ffy  towards  the  red  crossed  by  a 
series  of  dark  bands,  with  edges  sharp  towards  the  violet,  and 
they  report  that  from  Hy  to  the  ultra-violet  the  dark-line  spec- 
trum is  very  similar  to  that  of  the  Sun.  At  first  glance  this 
seems  to  be  verified  by  my  plates,  but  a  closer  study  shows  the 
details  to  be  very  different.  Fig.  2  shows  an  eightfold  enlarge- 
ment of  the  solar  spectrum,  photographed  with  Spectrograph  I 
on  a  lantern-slide  plate.  The  absorption  spectrum  of  the  star, 
Figs.  3-6,  is  seen  to  resemble  little  that  of  the  Sun.  The  date 
of  Fig.  4  should  be  August  11,  instead  of  August  4,  as  is 
printed. 

In  comparing  the  star  spectrum  with  the  solar  spectrum,  it 
was  not  found  best  simply  to  measure  the  plates  and  then  look 
for  coincidences  in  Rowland's  table.  It  is  easy  to  find  a  line  in 
the  table  which  agrees  in  position  with  the  one  on  the  plate,  but 
the  intensities  may  be  very  different.  The  method  adopted  was 
to  compare  a  plate  of  0  Ccti  with  one  of  the  sky.  The  two 
negatives,  film  sides  together,  were  examined  under  the 
microscope  with  a  low  power. 

The  strong  calcium  lines  g,  II,  and  K,  are  present  in  the 
spectrum  of  the  star,  the  g  line  being  much  more  intense  than  in 
the  solar  spectrum.  The  strong  iron  lines  of  the  Sun  are  not  so 
prominent  in  0  Ceti;  in  fact,  they  do  not  show  with  low 
dispersion.  Of  the  large  number  of  lines  in  the  star  spectrum, 
there  are  very  few  which  coincide  with  lines  of  like  intensity  in 
the  solar  spectrum. 

The  absorption  spectrum  of  Mini  was  measured  accurately  on 
seven  plates.  Each  plate  was  measured  and  reduced  independ- 
ently, so  that  a  faint  line  might  be  measured  on  one  plate  without 
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being  noticed  on  any  of  the  others.  This  does  not  mean  that  it 
had  developed,  or  that  its  intensity  had  changed.  Such  lines, 
of  which  many  were  measured,  could  be  easily  obscured  by  an 
irregular  arrangement  of  the  silver  grains.  The  best  method  of 
verifying  changes  is  to  examine  different  plates  simultaneously, 
in  pairs,  under  the  microscope.  This  has  been  done,  and  all 
changes  in  intensity  or  character  have  been  noted. 

TABLE  II. 
Plates  Secured  With  Spectrograph  I. 


1         C  H 

1         — 

'§;H* 

O  £ 

c 

1 

n 

0 

5 

0* 

•5 

'3 

V 

Remarks 

CL 

*Z  "" 

<s 

aa 

0. 

55 

C/5 

1902 

21* 

June  27 

22^  ogni 

oh  45m 

38 

Crown 

i-4 

Poor 

3C 

27 

22     39 

0     10 

3-8 

Crown 

1.4 

Poor 

4K 

27 

22     46 

0    03 

38 

Crown 

'•4 

Poor 

7C 

July     6 

22     47 

I    15 

41* 

Crown 

1.4 

Good 

8P 

6 

23     28 

0    05 

4-1 

Crown 

1-4 

Good 

oE 

6 

23     35 

0    02 

4.1 

Crown 

10 

Good 

13E 

16 

23     07 

2      OO 

4.6 

I  so. 

1.4 

Fair 

MF 

16 

0     12 

O      05 

4-6 

Iso. 

1 .0 

Fair 

Shows  bright  lines  only 

18F 

22 

23     22 

2      30 

5-i 

Iso. 

14 

Fair 

21 F 

29 

23     30 

2       40 

5-3 

Iso. 

1-4 

Fair 

asK 

An*.     4 

0     07 

3     po 

5-4 

Iso. 

1.4 

Good 

26 1) 

4 

1     44 

O      07 

5-4 

Crown 

l.O 

Good 

Shows  bright  lines  only 

27n 

11 

0     58 

2     35 

5-6 

Crown 

1.5 

Fair 

28D 

*5 

0     53 

2     35 

6.4 

Crown 

1-5 

Poor 

33D 

Sept.     6 

0     45 

3     00 

7.0 

Crown 

i-5 

Poor 

39  n 

22 

2     20 

4     40 

7-1 

Crown 

x.6 

Poor 

Flexure  during  the  exposure 

42A 

Oct,      4 

I      47 

5     53 

7.8 

Crown 

1.8 

Fair 

Slight  flexure 

48  A 

26 

4      IO 

5     40 

8.5 

Crown 

1.8 

Fair 

Flexure 

54  A 

Nov.  25 

3       TO 

5     00 

9.2 

Crown 

2-5 

Poor 

57A 

Dec.    21 

3     18 

5     25 

9.0 

Crown 

3.0 

Poor 

Nothing  found  on  this  plate 

58A 

Jan.      2 

3     12 

5     17 

9.0 

Crown 

3.0 

Poor 

59A 

5 

3     36 

4      51 

9.0 

Crown 

2-5 

Fair 

221 1 C 

Ai'K-    3 

1     15 

0     20 

Iso. 

1 .2 

Good 

22  \2 1) 

3 

1     32 

O     03 

Iso. 

Z.2 

Good 

Bright  lines  only 

*«j5I> 

17 

1     26 

1      20 

Iso. 

"•3 

In  Table  III  arc  given  the  wave  lengths  of  the  absorption 
spectrum  as  derived  from  all  the  measures.  The  numbers 
expressing  the  intensity  indicate,  in  a  general  way,  the  relative 
strength  of  the  lines.  It  was  intended,  on  each  plate,  to  assign 
intensity  I  to  the  faintest  lines  distinguishable,  and  intensity  10 
to  the  strong  line  at  X 425 5.  On  this  scale  the  g,  H,  and  K 
lines  might  be  100  or  500,  it  matters  little.  The  intensities 
assigned  are  merely  relative,  and  no  doubt  the  scale  varies  much 
in  different  parts  of  the  spectrum.     The  lines  on  each  plate  were 
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TABLE  III. 
Absorption  Spectrum  of  o  Ceti. 


Intensity 


s 

wide 

s 

wide 

2 

fine 

2 

4 

5 

wide 

4 

wide 

5 

wide 

5 

2 

fine 

4 

4 

wide 

5 

wide 

4 

3 

I 

4 

wide 

5 

wide 

^ 

wide 

2 

wide 

6 

7 

i 

fine 

2 

3 

2 

fine 

3 

6 

2 

wide 

4 

wide 

5 

wide 

2 

titie 

7 

wide 

4 

wide 

3  nne 
4 


4  line 
4  line 


Observed 
A 


3936-  — 
3945-09 
3949.28 
3951-65 
3957-27 
3958.98 
3962.55 
39(39 . 6- 
3980.20 
3983.18 
3990.64 
3997.61 
3999.72 
4005.6- 
4009.63 
4010.04 
4012. 18 
4018.91 
4021.41 
4025.08 
4027.68 
4030. 16 
4032.22 
4034.04 

4035-7I 

4036.22 

4045.16 

I  4047-02 

4043-  — 
40^0. — 
4053-25 
4055.71 
4058. 14 
4000.43 
4064.— 
4008.24 
4072.-  - 
4072.28 
4077.24 
407D. 51 
40S3.S5 
408S.SS 
4001 .33 

4007 -os 
4100. 50 
41 05 .88 
4110.^4 
1 1  12.97 
4IH>.  14 
4117.71 

4  M  7  .  9 

4119.1 


Residuals  in  0.01  t.m. 


?C 


04 
14 


13E 


09 


'4 

20 


19 
05 


08 

04 
21 


13 


16 
04 
05 


09 


18F 


I    o7 
I    °7 


25F 


19 
24 


05 
15 


00 

n 

10 

03 


03 


or 
12 

!  °3 


1  09 
08 

02 
12 


27D       28D 


I    01 


09 
07 


03 
00 


01 

04 


07 


17 


08 
08 


OS 

02 


09 


01 

04 

30 

II 


2235  D 


12 
13 


02 
14 


03 
00 

09 
05 
07 


23 

10 

03 
09 
04 

38 
03 


03 
06 
04 


21 

oS 


08 


18 


09 

04 
*4 
26 

27 
11 


12 
// 

03 


09 


39 
OS 


Remarks 


13 
04 

08 
09 


K  line  of  Sun,  very  strong.   Ai- 
|      jacent    bright   lines  interfere 
with  measurement  of  X 


H  line  of  Sun,  very  strong.  A  J- 
|      jacent    bright   lines  interfere 
with  measurement  of  X 


Perhaps  several 
Perhaps  several 


f  Several  lines  run  together 


\  Too  wide  and  faint  to  measure. 
}      Probably  several 
{  Too  wide  and  faint  to  measure. 
\      Probably  several 

(  On    plates  7C,  13E  and  22;fl> 
/      these  two  lines  run  together 


Several 
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TABLE  III.—  Continued. 
Absorption  of  Spectrum  of  o  Ceti. 


Intensity 

Observed 
A 

Residuals  in  0.01  t.m. 

Remarks 

7C 

13E   |    18F 

25F  |  27D 

28D 

2235  D 

4  fine 
4  fine 
6 

2  fine 
3 
3 

4  fine 
5 
3 

2 

4  wide 

3 

3 

3 

4 

3 

3 

3 

7 

4 

2 

3 

4  wide 

5  wide 

3 

2  wide 

4  wide 

5 
3 
3 

10 

i 

1  wide 

4 
8 

5 
6 

2  fine 

2  fine 
3 

2 

3 

3 

2  fine 

3 

2 
2 

4 
5 
4 

4121.44 
4122.62 
4124.66 
4126.99 
4129.04 
4130.60 
4133.00 
4I35-32 
413777 
4I4O.96 

4M4.— 
4150.73 
4153.40 
4156.78 
4160.89 
4165.82 
4169.27 
4I73.56 
4175-41 
4178.32 
4180.96 

4183.73 
4188. 17 

4191.79 
4199.79 
42II.I9 
4214.86 
4227.84 

4235-37 
4242.82 
4251 .60 
4255.46 
4259.64 
426I .87 
4273- 15 
4275.84 
4285.28 
4290.72 
4292.45 
4295.07 
4207.56 
4300. 16 
4304.06 
4307.23 
4310.57 
4314.20 
4320.03 
4326.97 

4331-13 
4348.12 
4353.60 
4380.31 
4385.49 
4390.71 
4395-89 

01 

n 
11 

11 

10 

01 
00 

06 

00 
22 

06 
02 

06 

03 
12 
22 
24 

21 

05 

04 
12 

28 
13 

08 

28 
10 

02 

33 

02 
17 

12 

07 

18 

09 
02 

00 

08 
24 

'5 

04 
12 
00 

12 

01 

17 

Ol 
07 

ib 
07 

27 
12 

04 
03 
11 

oS 

00 

ob 

13 

;; 

00 

10 

0b 
ob 
04 
14 
'3 

05 
10 

03 
ib 

08 

M 

08 

27 
10 

2b 
03 

14 
11 

02 
17 

00 

23 
23 
07 

23 

3^ 

11 

18 
07 

ob 
11 

01 

2* 
00 

~5 

ob 

15 
11 
01 

12 
04 
11 

18 

05 
04 

26 

32 

04 
10 
01 

02 

ob 

17 

ob 

IS 

ob 
00 

°5 

/S 

35 
02 
24 

Poor 

Poor 

g  line  of  Sun,  very  strong 

Poor 

Head 

Head 
Head 
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TABLE  III.—  Continued. 
Absorption  of  Spectrum  of  o  Ceti. 


Intensity 


4  wide 
3  wide 

2 


Observed 
A 


4422.4 
4461 . I 
4463.O 
4505.7 
45M.7 
4519.8 
4530.7 
4536.8 

4548-8 
4585.0 
4626.8 
4669.6 
4709.2 
4714.2 

4739.5 

4760.0 

4S04.2 

4842.8 

4054-1 

5167 

53o8. 

5358. 

54  30. 

544/ 

5498. 

5568. 


Residuals  in  o.x  t.m. 


7C    ,    13E 


18F 


4    \      i 

0   :    / 


25F      27  D      28D  12235  D 


5 

3 

2 

[21] 


3 
6 

*5 


Remarks 


Head 

Head 
Head 


Head 
Head 
Head 
Head.     Measure  of  Plate  2^ 

rejected  for  discordance 
Head 

Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 
Head 


assigned  intensities  when  the  plate  was  measured ;  and  when  the 
different  results  were  brought  together,  a  sort  of  mean  of  the 
estimates  was  taken  for  each  line.  Where  the  estimates  did  not 
agree  well,  the  line  was  compared  directly  on  two  or  more  plates 
to  see  if  any  change  had  taken  place. 

The  residuals  in  the  table  were  formed  by  subtracting  the 
mean  wave-lengths  from  the  values  given  by  each  plate.  All 
plates  were  assigned  equal  weight  in  forming  the  means.  Periods 
(.  .  .  .)  signify  that  when  the  plate  was  measured  nothing  was 
noticed  in  the  spectrum  at  that  place.  A  dash  ( — )  denotes 
that  the  line  was  observed,  but  could  not  be  measured  accurately. 
When  a  line  was  measured  on  only  one  plate  there  is  no  residual, 
and  the  clash  indicates  the  plate  referred  to. 

Plate    18  F  was  measured  only  from  X  4300  towards  the  red. 
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The  comparison  on  jC  being  underexposed  to  the  red  of  X4415, 
the  plate  was  not  measured  in  that  region. 

From  the  residuals  in  Table  III  it  is  found  that  the  probable 
error  of  the  wave-length  of  a  dark  line  derived  from  one  plate  is 
±0.10  tenth-meter.  When  a  line  was  measured  on  six  plates, 
the  probable  error  of  its  mean  position  is  therefore  dto.04  t.m. 
In  computing  the  probable  error,  the  residuals  from  all  lines  to 
the  violet  of  X4400  were  used. 

Many  of  the  lines  being  broad  or  unsymmetrical  and  difficult 
to  measure,  the  residuals  from  different  plates  are  not  larger  than 
would  be  expected.  While  the  agreement  of  the  results  with 
each  other  is  not  a  test  as  to  systematic  errors,  yet  I  feel  sure 
that  the  wave-lengths  of  but  few  of  the  dark  lines  measured  on 
several  plates  can  be  in  error  by  as  much  as  0.2  t.m. 

A  glance  at  the  residuals  shows  that  there  is  no  evidence  of 
variable  velocity  in  the  line  of  sight.  Those  from  Mr.  Wright's 
plate  No.  2235  D,  which  was  taken  in  1 891 ,  indicate  that  the 
velocity  was  about  the  same  during  the  corresponding  phase  of 
the  star's  light  curve,  a  year  previous.  The  residuals  for  each 
plate  have  been  averaged ;  and  if  there  were  any  change  in  the 
velocity  it  would  appear  in  the  mean  residuals.  The  arithmetical 
means  of  the  residuals  to  the  violet  of  \4400,  and  the  corre- 
sponding velocities  in  kilometers  per  second,  arc  as  follows  : 


TABLE   IV. 

Date 

Plate  No. 

t.m. 

km 

1902,  July      6 

7C 

-1-0.02 

+  1 

16 

13  E 

+  0.00 

+  4 

Aug.     4 

25  F          1 

—  0.0.? 

—  2 

I  I 

27 1)     1 

—  0.02 

—  I 

2S 

2*  I) 

—  0.0} 

—  2 

1 90 1,  Aug.  17 

22 ^  D 

+0.02 

+  1 

Since  many  of  the  lines  were  not  measured  on  all  of  these 
plates,  the  average  residual  of  one  plate  is  not  strictly  the  aver- 
age deviation  of  the  measures  on  that  plate  from  the  mean  of  all 
the  plates,  but  no  sensible  error  is  introduced  by  this  assumption. 
When    it   is   remembered    that    all    lines,   good    and    poor,    were 
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included  in  the  means,  and  that  these  plates  were  taken  with  a 
one-prism  instrument  giving- a  dispersion  of  but  one^fifth  of  that 
of  the  regular  Mills  spectrograph,  the  range  of  only  6  km  on  six 
plates  is  very  satisfactory.  None  of  the  plates  taken  later  in 
1902  are  good  enough  to  afford  comparable  conclusions  as  to 
the  velocity;  and  it  was  thought  best  to  measure  only  first-class 
plates  in  this  connection. 

The  result  that  the  star's  velocity  was  constant  over  a  certain 
period  was  derived  without  assuming  the  coincidence  of  any  of 
the  star-  lines  with  lines  of  the  solar  spectrum,  or  with  other 
known  lines.  A  determination  of  the  actual  radial  velocity 
requires  an  assumption  as  to  what  the  wave-lengths  of  the  star 
lines  would  be  if  they  were  not  affected  by  velocity.  Agree- 
ments of  star  and  solar  lines  were  looked  for,  by  direct  compari- 
son of  the  star  plates  with  a  solar  plate,  and  the  only  coincidences 
which  seem  certain  are  given  in  Table  V.  The  wave-lengths  and 
other  data  of  the  solar  lines  are  from  Rowland's  table. 

The  H  and  K  lines  could   not  be   measured   accurately;  the 

double  manganese  line  at  X4030.92  gives  a  discordant    result, 

which  was  rejected,  and  it  looks  as  though  both  a  strontium  and 

a  titanium  line  make  up  a  stellar  line  at  \4079.51.     The  velocity 

of  +  66  km  was  therefore  derived  from  measures  of  only  six  lines, 

and   none  of  these  are   fine  and  sharp  enough  to  give  the  best 

determination. 

TABLE  V. 

Coincidences  of  Dark  Lines  in  the  Spectra  of  0  Ceti  and  the  Sun. 


Intensity  and 
Character 


Sun 
A 


Sti 

<mg 

5 

wide 

5 

wide 

Strong 

6 

7 

7 

wide 

Sti 

<»>Sr 

10 

8 

3936.— 
3945  -oq 
3062.55 
3069 . 6  ■ 
4032.22 
4034.04 

4079.51 

4227. S4 
4255.46 
4275.84 


33.82 
44.16 
61.67 
68 .  62 
30.92 
33-22 
77-  »8 
78.63 
20.90 
54.5C 
74.96 


Displacement 
t.m. 


+0-93 
+0.88 

[+1.30  J 
— 0.82 


+0.94 
+O.96 

+0.88 


Velocity, 
km 


+71 
+67 

[+96] 
+  61 


+67 

+68 

+62 

Mean  -f  66  km 


Sun 

Substance  and 

Intensity 


Ca      1000  (K) 
Al  15 

Al         20 
Ca       700(H) 
Mn  4  and  5 
Fe-Mn    7 
Sr  8 


Ti 

Ca 
Cr 
Cr 


3 

20  (g) 
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Campbell  in  1898  found  +  62  km  with  the  three-prism  instru- 
ment. The  interval  between  August  29,  1898,  the  date  of  his 
first  plate  that  year,  and  August  25,  1902,  is  equal  to  130  days 
more  than  four  periods  of  331  days.  The  radial  velocity  has 
therefore  been  observed  to  be  constant  over  about  two-fifths  of 
the  period  of  light  change. 

To  determine  more  coincidences,  I  have  measured  one  of  the 
high-dispersion  plates  of  0  Ceti,  taken  by  Dr.  Campbell  in  1897. 
Although  the  plate  is  underexposed,  about  seventy  lines  were 
measured  between  \4300  and  \4420,  and  more  than  twenty 
coincidences  were  found  by  direct  comparison  with  a  solar  plate. 
The  results  are  given  in  Table  VI.  As  was  done  for  the  one- 
prism  plates,  the  intensities  are  expressed  on  an  arbitrary  scale 
of  10. 

TABLE  VI. 
Absorption  Spectrum  of  0  Ceti.     High  Dispersion.     Plate  576  B.    December  15,  1897. 


o  Ceti 


Intensity  and 
Character 


Several 

3 
3 
2 


5,  double? 

3 

4 

4 


Several 

2 
Bright  place 
6 

I 
I 

1 

5 
5 

Several 
\2 


Poor 


}l 


4299 

4300 

4301 

4302. 

4303 

4307 

4308 

4308 

4310 

4312 

4315 

4316 

4319 

4325 

4326. 

43^7 
4328. 

4329 
4310 
4331 
4333 
4334 
4335 
4335 
4336 
4337 
4338. 


Sun 
A 


Dis- 
place- 
ment 
t.m. 


02  .  69 


18.82 
25-94 


+0.87 


Velocity 
km 


Remarks 


+60.6 


J  Narrower  in  0 


+0.95  +65.9 
+0.91  +63.0 


30.  19    -f- 0.91  +»5 -0 


Closer  double  in  O 

Ca  4 

Not  O 

Not  0 

07.91  Ca  3,  08.08  Ft  b 

Not  0 

Not  O 

Not  O 

Ca,  Mn?  4 
Same  in  O 

FeS 
Not  O 
Not  O 
Not  0 
Not  0 
Vo  I 


.99  -f-o. 93 '+04.41      J'o  \ 


Stronger  than  in  0 


■I- 


Not  0 


[ [  Possibly  weak  linc^  in  O 

! Not.  0 

37.22   +0.94-1-65.0       Ft  5 
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TABLE  VI.— Continued. 


Intensity  and 

X 

Character 

2 

4338.61 

I 

4339.11 

3 

4345.56 

4 

4348.27 

i 

4352.16 

Poor     2 

4352.90 

Head  of  band 

4353.7- 

5 

4353.91 

3 

4356.97 

i 

4349-70 

i 

4360. 12 

i 

4360.65 

i 

4*61.73 

Poor     I   wide 

4363.05 

2 

4305.56 

2 

4367.10 

I 

4367. 87 

4 

4369.07 

I 

4370.48 

1 

4371.23 

4 

4372.22 

I 

4373.17 

Several  to  violet  of 

4376.4- 

Bright  place 

4376.68 

Sun 
A 


Dis- 
place 
ment 


Velocity 
km 


37- 


44.67 


+  0. 891+61. 5 


+0.89+61.4 


51 .22 
51.93 


52.91 


+0.94+64-8 


+0-97 


+66.8 


Remarks 


L-f-i.oo]!(-J-68.9] 


I. 


0  3 

Not  O 

Cr  4 

Not  O 

Cr3 

<>3 
\  Not  ©.     Mean  of  4  plates  with 
)      one  prism  4353.6 

!Fe  4.     This  line  always  gives  ~ 
residual  in-  other  stars 
Perhaps  O,  not  certain 


All  weak  lines  in  star 


.  I  [  No  coincidences  certain 


<; 

4377.06 

1 

wide 

437S.00 

1 

wide 

4370. 1 71 

10 

1 

43S0.27 
4*83.07 

6 

4384.62 

7 

double? 

4v^5-90 

<? 

4300.20 

4 

43')i  .00, 

Poor       2 

wide 

4392.70, 

7 

4300.20 

2 

4401    01, 

10 

wide 

4105.89 

2 

4407.02 

4 

1 

4407.72 

440S.70 

10 

4400.41 

Several  to  violet  of 

*»!<>. 7-| 

4 

4417.50 

Head  of  hand 

4  422.5 

1 

: 



1 

76.11 

+  0.95 

+  65.1 

7  79-40+0.87+59.5 


S^.72  ,+0.90  +61  .6 

J ' I I 

89.41  ,  •  0.85  +58.1I 
,  90.15  1+0  91 1+02.  2 
,91.92    +O.84+57.4 


OO.74    +O.87J  +  59.2 
O4.93    +O.96+65.3 


I6.O4    +O.95  +64.4 


Mean  of  20  lines  +02.  7  km 


Not  O 

Not  O 

Not  O 
((71.14    Zr    1,    71.22    -I.  71-44 
)      Cr  4)  same  appearance 

Not  O 

Different  in  O 
\  Not    0.     This  develops  into  a 
I      bright  line 

Feb 

[  Different  in  O 

Not  O 
Feis 

84.87  r  ?f  85.14  02 

Fe  2  ) 

V  2  [  Stronger  in  star  than  in  0 
Cr  1  ) 

95.20  7V  3,  95.41  V  2 

V  \ 
Fe  10 
Not  O 
V2 

07.81  V  2,  07.87  Fe  4 

08. ;6  F2,  08.58  Fe  3,  0S.0S  Vl 

Different  in  O 

Fo.  Stronger  in  star  than  in  3 
\  Not  0.  Mean  of  6  plates  with 
\       1  prism,  4422.4 
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A  comparison  of  Table  VI  with  the  corresponding  part  of 
Table  III  is  a  test  of  the  reliability  of  the  results  obtained  with 
one  prism. 


TABLE  VII. 


One 

Prism 

Thr 

ee  Prisms 

Description 

A 

A 

Description 

3 

4300. 16 

\  99-7- 
)  00.8- 

•  Several 

2 

4304.06 

Not  measured 

3 

4307.23 

07. 10 

5 

3 

4310.57 

10.83 

4 

Head 

4314.29 

Not  measured 

2 

4320.03 

19.77 

2 

3 

4326.97 

26.85 

6 

2 

4331-13 

3I-I3 

5 

2 

4348.12 

48.27 

4 

Head 

4353-6- 

53.7- 

Head 

4 

4380.31 

80.27 

10 

5 

43^5-  19 

\  84.62 
)  85.90 

6 
7 

4 

4390.71 

(90.26 
~l  91 .06 

5 
4 

Head 

4395 -»9 

Not  measured 

Head 

4422.4- 

22.5- 

Head 

As  might  have  been  expected,  many  lines  observed  as  single 
with  one  prism  are  really  made  up  of  two  or  more  components. 
This  comparison  also  shows  that  the  wave-lengths  of  Table  III 
are  probably  not  quite  so  accurate  as  the  residuals  indicate. 

A  brief  summary  of  the  number  of  dark  lines  of  different  ele- 
ments observed  in  the  spectrum  may  be  of  interest. 


TAHLK   VIII. 


Element 

Ca 

Fe    - 
Cr 

V     - 
Al 
Sr    - 
Mn 
Ti    - 


No.  of  Lines 

-       6 
1 1 

9 

1  I 

2 

1 

2   \ 


There  can  be  no  doubt  of  the  presence  of  the  first  four  ele- 
ments  in  the  list,  and    the   aluminum    and   strontium    lines  are 
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prominent ;  but  manganese  and  titanium  must  be  considered  as 
doubtful. 

On  account  of  the  varying  instrumental  conditions  it  is  easy 
to  fall  into  error  in  judging  as  to  changes  in  the  intensity  and 
character  of  dark  lines.  If  all  the  negatives  were  of  the  same 
density  and  of  uniform  excellence,  it  would  be  easy  to  note  such 
changes.  There  is  one  dark  line  which  showed  changes  of 
which  the  reality  is  certain.  This  is  the  g  calcium  line  at 
X4 227.84.  Figs.  3-5  show  how  it  broadened  as  the  star  grew 
faint.  Measures  of  its  width  are  necessarily  rough,  and  must 
depend  much  upon  the  judgment  of  the  observer.  The  measures 
of  two  plates  are  as  follows : 

TABLE  IX. 


Date 

Plate 

Width 

1902, June  27 

September  6 

2B 

33  D 

2  t.m. 
9  t.m. 

Other  plates  taken  between  these  dates  gave  intermediate 
values.  The  intensity  of  continuous  spectrum,  in  the  neighbor- 
hood of  \4227,  is  almost  the  same  on  Plates  2  B  and  33  D. 

The  general  impression  formed  from  examining  the  series  of 
plates  is  that  many  other  lines  also  grew  broader  as  the  bright- 
ness declined,  but  this  is  not  certain.  The  effects  of  greater 
width  of  the  slit,  reduced  intensity  of  the  resulting  negative,  and 
flexure  and  temperature  changes  resulting  from  longer  exposure, 
would  all  tend  to  make  the  lines  wider  and  less  sharply  defined- 
The  H  and  K  lines  are  not  shown  on  most  of  the  plates,  and 
nothing  can  be  said  as  to  changes  in  their  character. 

A  few  lines  not  visible  on  the  early  plates  became  prominent 
Inter.      Four  such  lines  have  the  following  positions: 

x  3990.64  M093.55 

4045.16  4097-08 

Lines  of  the  solar  spectrum  which  certainly  coincide  with  these 
have  not  been  found.  The  residuals  in  Table  III  indicate  when 
these  lines  first  appeared. 
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BANDS. 

The  prominent  bands  in  the  spectrum  of  Mira  have  been  con- 
sidered by  some  observers  as  a  series  of  dark  bands,  with  sharp 
edges  towards  the  violet,  and  shading  off  toward  the  red.  Others 
think  them  to  be  bright  flutings  like  those  of  the  arc  spectrum 
of  carbon.  For  convenience,  they  will  be  considered,  in  this 
paper,  as  dark  absorption  bands.  On  the  plates  of  o  Ceti  and 
other  third-type  stars  taken  with  Spectrograph  I  the  bright  por- 
tions of  the  banded  spectrum  are  certainly  brighter  relative  to 
the  region  above  //%  where  there  are  no  bands,  than  are  the  cor- 
responding portions  of  the  spectrum  of  a  solar-type  star.  How- 
ever, the  dark  portions  are  fainter  than  the  same  places  in  the 
solar  type  of  spectrum. 

In  measuring  the  plates  the  micrometer  wire  was  set  on  the 
division  between  a  dark  and  a  bright  portion  of  the  spectrum,  so 
that  the  measurements  remain  the  same  whether  the  bands  be 
considered  as  bright  or  dark.  While  the  line  of  separation  is 
probably  sharp  in  most  cases,  its  exact  position  is  not  easy  to 
determine.  No  doubt  the  effect  of  irradiation  plays  an  impor- 
tant part  in  direct  visual  observations.  Since  the  bands  con- 
sidered as  bright  have  their  sharp  edges  towards  the  red,  the 
effect  of  irradiation  would  be  to  make  the  observed  wave-lengths 
of  the  heads  too  large.  Corresponding  to  this  visual  error  is  the 
effect  of  spreading  of  the  image  on  a  photographic  plate,  caus- 
ing an  error  in  the  same  direction,  and  a  slight  allowance  was 
made  for  it  in  executing  the  measures.  At  my  request,  Dr. 
Reese  made  several  settings  on  the  head  of  a  band.  The  differ- 
ence between  his  measures  and  mine  was  0.3  t.m.,  my  estimate 
being  that  much  farther  to  the  red.  Although  this  was  the  only 
comparison  made  with  another  observer,  it  seems  highly  improb- 
able that  two  persons  should  disagree  by  as  much  as  one  tenth- 
meter  in  the  measurement  of  a  sharply  defined  head. 

No  attempt  was  made  to  determine  the  position  of  the  more 
diffuse  ends  of  the  bands.      In  many  cases  the  intensity  chancres 

o 

gradually  from  head  to  head,  there  being  heavy  absorption  at 
the  sharp  edge,  the  spectrum  growing  uniformly  brighter  to  the 
next  line  of  demarcation. 
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Sidgreaves,  on  comparing  the  spectrum  of  o  Ceti  with  that  of 
a  Hcrculis  and  other  third-type  stars,  found  a  difference  in  the 
wave-length  of  the  same  band  in  different  stars.  For  the  head 
at  X5447  in  0  Ceti,  he  found  the  position  of  X5458  in  a  Herculis, 
and  intermediate  values  for  a  Ononis  and  y8  Pegasi.  He  suspected 
these  discrepancies  to  be  due  to  instrumental  causes,  but  of  this 
he  was  not  certain.  His  work  being  done  with  an  objective 
prism,  he  had  no  comparison  spectrum  with  which  to  test  the 
reality  of  the  observed  differences. 

Along  with  the  work  on  0  Ceti  in  1902,  plates  were  taken  of 
a  Herculis,  /3  Pegasi,  p  Persei,  a  Ceti,  and  a  Ononis.  As  these  stars 
are  all  bright,  the  exposures  on  them  were  comparatively  short, 
from  five  minutes  to  one  hour.  Isochromatic  plates  were  used, 
so  that  a  range  of  spectrum  as  far  to  the  red  as  X5600  was 
covered.  They  were  measured  only  for  the  positions  of  the 
heads  of  the  bands.  In  the  spectrum  of  Mira  there  are  few 
dark  lines  shown  in  the  region  of  the  bands,  but  in  the  others 
many  lines  were  recorded.  Where  there  are  more  lines  the 
bands  are  less  prominent,  and  in  the  case  of  a  Ceti  and  a  Ononis, 
only  three  bands  could  be  measured.  All  of  these  stars  are  on 
the  regular  Mills  spectrograph  program,  and  their  radial  veloci- 
ties have  been  determined  from  their  dark  line  spectra  in  the 
region  of  Hy.  As  the  wave-lengths  of  the  bands  must  be  affected 
by  the  radial  velocities,  it  is  necessary  to  apply  to  each  observed 
wave-length  a  corresponding  correction.  In  Table  X  is  given, 
first  the  observed  wave-lengths  of  the  head  of  each  band,  already 
corrected  for  the  orbital  motion  of  the  Earth.  The  accompany- 
ing correction  is  that  which  must  be  applied  to  each  wave-length 
in  order  to  reduce  it  to  what  it  would  be  if  the  star's  radial 
velocity  referred  to  the  Sun  were  zero.  The  mean  result  from 
the  five  stars  has  been  taken  after  applying  these  corrections. 

All  bands  visible  on  the  plates  were  measured;  and  if  the 
position  of  a  band  is  not  given  for  a  star,  it  was  not  apparent. 
The  results  for  any  star  are  from  all  the  plates  of  that  star, 
except  in  the  case  of  a  Hcrculis,  where  one  of  the  plates  was  a 
"Crown"  plate  and  showed  nothing  to  the  red  of  X4954. 

The    results   obtained    by  Sidgreaves,  Vogel,  and  others  are 
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inserted  for  comparison.  The  corrections  given  by  Sidgreaves 
in  Monthly  Notices,  59,  509,  have  been  applied  to  his  first  pub- 
lished wave-lengths.  Vogel's  photographs  did  not  extend  to  the 
red  of  X4800.  The  results  of  visual  observations  of  the  bands  in 
third-type  stars  are  taken  from  Frost's  Scheiner. 

TABLE  X. 
Measures  of  Bands. 


4314 

4353 
4*95 
44" 
44^3 
4505 
45  ** 
4%%5 

4<*g 

47U 

4760 
4&*4 
4*4? 

J 

s 

9 

□ 
7 

i 

0 
e 
e 

0 

8 

495* 

t 

5167 

0 

5-      ■ 
335* 

5439 
5447 
S4Q8 

1 

9 
0 

-1. 1 
t,  t 


-r  E 


*s 


4431  o  +0.5 


4583.9  -1-o-S 
46-35,7  +0.5 
4667..  1  +0.5 
47 li, 6    j-0.5 

4736.6  i-or5 
4760.0  +0.5 
4So3-5  +*-5 


4953-0  +*»<* 


H165.0  4-0, 6 


5446.9  -fo.6 
S496.5  -fo.6 


S  + 


45H4  8  -0.4 

4026.8  0.4 

4667.9  -0.4 


4761.3  -0  4 

4804-9   _0  4 


4S4B  8  -0.4 


4+ 


I 


5S 


4761.8 
4803,4 


4954.7    -0.441)54    6     -Q.T 


5166.6       <>-  5 


5447  9 
5497-1 


$166.3 


5446.7   —0.2 


^^■4  -°-3 


v..     N 

g  ■ 


49547    +0.4 


5165. B    —0-3    5165    4    -HM 


■3  5445-9  -r°-5 


1 

K  £ 
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4843 
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495 1 
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5046 
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5165 
5237 
5  J«6 
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S40tJ 

5447 
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4432 

446  L2 

45<*6 
454  5 
4581 
4673 
4(>66 
4710 

4755 


S3 


4608 


4767 


496^ 


5169 
^'44 


Several  objects  measured  as  bands  by  the  writer  were  not 
recorded  by  Sidgreaves;  but  they  are  not  prominent,  and  we 
should  not  expect  different  observers  with  different  instruments 
to  agree  as  to  details.  Sidgreaves  recorded  more  bands  than  I 
did  to  the  red  of  \  4954.  The  plates  taken  with  Spectrograph  I 
are  underexposed  in  this  region,  and  only  the  more  prominent 
bands  show. 

A  comparison  of  the  corrected  positions   for  0  Ccti  with   the 
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means  for  the  other  stars  shows  that  there  is  little  difference  in 
the  wave-lengths,  except  that  due  to  different  radial  velocities. 

It  is  interesting  to  note  what  effect  the  application  of  the 
corrections  for  radial  velocities  has  upon  the  agreement  of  the 
results.  Residuals  have  been  formed  by  subtracting  the  mean 
positions  from  those  of  each  of  the  five  stars.  The  sum  of  the 
squares  of  the  residuals  is  reduced  from  12.34  to  5.46  by  the 
application  of  the  corrections.  This  diminution  of  the  residuals 
shows  the  validity  of  the  assumption  that  the  positions  of  the 
bands  are  the  same  in  the  five  stars  observed,  and  that  the  bands 
in  each  star  have  the  same  displacement,  due  to  velocity,  as  have 
the  fine,  dark  lines  in  the  Hy  region. 

However,  the  case  is  not  clear  with  0  Ceti.  The  correction 
for  -f  62  km  changes  the  sum  of  the  squares  of  the  residuals, 
obtained  by  subtracting  the  mean  wave-lengths  of  the  other  stars 
from  those  of  the  o  Ceti,  from  10.84  to  10.09.  The  corrections 
change  the  algebraic  sum  of  the  residuals  from  -f-  5.8  t.m.  to 
—  5.3  t.m.  This  result  is  not  surprising  when  it  is  remembered 
that  all  poorly  defined  bands  were  included  in  forming  the  resid- 
uals. 

Judging  by  the  accordance  of  the  individual  results,  and 
allowing  for  any  chance  of  personal  error  in  the  measures,  it 
seems  unlikely  that  the  position  of  a  sharply  defined  head  of 
band  should  be  in  error  by  as  much  as  one  tenth-meter. 

As  far  as  I  know,  the  identification  of  the  bands  of  the  third- 
type  stars  has  not  been  accomplished.  If  the  division  at  X  5 165.9 
be  considered  as  the  head  of  a  bright  band,  it  is  in  close  agree- 
ment with  the  head  of  the  third  carbon  band  at  X  5 165.3,  as 
measured  by  Kayser  and  Runge.  The  head  at  X 4737.1,  meas- 
ured in  a  Hcrcidist  may  also  correspond  to  their  fourth  carbon 
band,  X 4737.2.  These  two  coincidences  are  the  only  ones  I 
have  found  and  we  certainly  need  more  evidence  before  drawing 
any  conclusions  from  them. 

VARIATIONS    OF    INTENSITY    IN    THE    CONTINUOUS    SPECTRUM. 

Sidgreaves  found  that  the  continuous  part  of  some  regions  of 
the  star's  spectrum  changed  in  relative  intensity  as  the  star  grew 
fainter.     These  changes  have  been  verified  in  the  present  work. 
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In  order  to  estimate  the  relative  brightness  of  different  parts, 
it  was  necessary  to  have  a  standard  scale  which  should  look  like 
the  spectrum  of  the  star.  An  exposure  on  the  sky  of  about  one 
minute  gives  a  strong  solar  spectrum  not  unlike  that  of  a  solar- 
type  star.  The  telescope  with  Spectrograph  I  attached  was 
pointed  to  the  north  pole  at  about  noon  on  a  clear  day,  and  a 
series  of  twenty-five  plates  with  carefully  timed  exposures  vary- 
ing from  Is  to  80s  was  taken.  These  plates,  all  of  the  same  emul- 
sion, were  developed  simultaneously  in  the  same  tray,  so  that  all 
would  receive  the  same  photographic  treatment.  The  Is  expos- 
ure gave  a  faint  image  and  the  80s  an  overexposed  one.  As  on 
any  one  plate  the  amount  of  the  silver  deposit  varies  in  different 
parts  of  the  spectrum,  the  region  between  the  iron  lines  at  X  4046 
and  \4072  was  adopted  as  standard. 

These  plates  were  used  for  the  purpose  of  comparing  the 
intensities  on  different  plates  of  o  Ceti  and  also  on  different  parts 
of  the  same  plate.  The  method  of  using  the  scale  plates  was  as 
follows:  The  plate  of  the  star  was  placed  film  up  on  the  table 
of  the  measuring  microscope.  The  different  scale  plates  were 
then  successively  placed  film  down  on  the  star  plate  and  viewed 
with  a  low  power.  The  scale  plate  whose  spectrum  equaled  the 
star  spectrum  in  density  was  selected,  and  the  number  of  seconds 
which  it  had  taken  to  produce  the  image  on  the  scale  plate  was 
called  the  intensity  of  the  star  spectrum.  Of  course,  the  lines  in 
the  star  spectrum  interfered  with  the  estimates,  but  it  was  usually 
possible  to  find  a  space  where  there  were  apparently  no  absorp- 
tion lines.  In  all  cases  the  darkest  patch  of  spectrum  in  the 
immediate  vicinity  on  the  negative  was  used. 

Since  we  do  not  know  the  exact  relation  between  time  of 
exposure  and  density  of  the  photographic  image,  the  estimates 
made  with  the  scale  plates  do  not  give  us  absolute  intensities. 
There  are  also  many  errors  introduced  bv  instrumental  causes. 
Among  other  sources  of  error  is  that  due  to  the  non-achromatism 
of  the  large  objective.  The  proportions  of  light  of  different 
wave-lengths  which  enter  the  slit  must  vary  with  the  quality  of 
the  seeing,  and  the  care  used  in  guiding.  The  star  image  which 
falls  on  the  slit  is  not  homogeneous,  but  is  composed  of  a  central 
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disk  of  Hy  light  surrounded   by  concentric  circles  of  light  of 
longer  and  shorter  wave-lengths. 

The  effects  of  different  conditions  of  seeing  and  guiding 
were  determined  from  plates  taken  of  other  stars,  and  while  some 
differences  were  noticed,  they  were  small  compared  with  the 
changes  observed  in  the  case  of  o  Ceti. 

Fig.  7  gives  the  " intensity  curves"  of  o  Ceti  from  three  plates, 
which  were  all  of  the  same  emulsion.  The  intensities  of  the 
same  portions  of  the  star  spectrum  were  estimated  on  each  plate 
by  means  of  the  scale.  These  estimates  were  plotted,  and,  in  the 
figure,  the  lines  join  the  estimates  without  reference  to  the  inten- 
sities of  the  other  parts  of  the  spectrum.  The  images  on  the 
different  plates  being  as  a  whole  unequal  in  density  or  blackness, 
the  portion  near  X4275  was  made  equal  to  10,  and  the  estimated 
intensities  of  other  portions  were  changed  to  correspond.  All 
estimates  to  the  red  of  X  4400  refer  to  the  brighter  portions, 
which  may  be  heads  of  bright  bands. 

Sidgreaves's  plates  showed  that  as  the  star  declined  in  bright- 
ness, the  intensity  of  the  bright  portions  of  the  spectrum  between 
X4300  and  X  5000  grew  less  relatively  to  that  of  the  region  near 
X  5500.  My  plates  show  a  decrease  in  intensity  of  the  region 
from  X4300  to  X  5000  relative  to  the  continuous  spectrum  from 
X4000  to  X4300. 

Figs.  3  and  5  (Plates  XV  and  XVI)  show  the  changes  well. 
Plate  No.  2B  is  not  in  excellent  focus  and  is  therefore  not  repro- 
duced. 

It  should  be  remembered  that  the  solar  spectrum,  Fig.  2 
(Plate  XV)  is  from  a  negative  of  the  sky,  on  a  lantern-slide 
plate  whose  sensibility  curve  is  very  different  from  that  of  the 
Crown  plates.  The  maximum  intensity  of  the  continuous  spec- 
trum on  a  Crown  plate  is  about  X  4600  for  a  solar-type  star. 

These  changes  in  intensity  have  been  described  as  changes  in 
the  continuous  spectrum,  but  they  may  be  simply  the  fading  out 
of  some  bright  bands. 

BRIGHT    LINKS. 

The  most  noticeable  and  interesting  features  in  the  spectrum 
of  0  Ceti  are  the  bright  lines.      The   great   brilliancy  of   some   of 
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the  hydrogen  lines,  when  the  star  was  near  its  maximum,  has 
been  recorded  by  several  observers. 

The  peculiar  fact  was  noticed  that  Ha,  H/3,  and  He  were  appa- 
rently missing,  while  others  of  the  hydrogen  series  were  very 
bright.  Photographs,  which  showed  Hy  and  Hh  as  intense,  gave 
no  trace  of  H/3  and  He.  Sidgreaves,  in  1898  and  1899,  found 
something  which  from  its  position  might  be  the  bright  H/3,  but 
he  did  not  consider  it  as  certain.  It  has  been  seen  bright  on 
some  plates  at  Harvard.1  Mr.  Wright  found  He  distinctly  bright 
on  a  plate  which  he  had  taken  in  August  190 1.  Figs.  3  to  5 
show  additional  evidence  on  this  point.  H/3  and  He  were  recorded 
as  bright  lines  on  all  the  dense  negatives  taken  with  Spectro- 
graph I.  They  seem  to  have  grown  stronger  relatively  to  the 
other  hydrogen  lines  and  also  to  the  continuous  spectrum  as  the 
star  grew  faint. 

An  attempt  was  made  to   observe  Ha  visually,  but  without 

TABLE  XI. 
Measures  of  Bright  Lines. 


A 

7C           9E 

13E 

14K 

I8F 

a5F 

27D 

28D 

M35D 

3751.2 



.. 

377i -5~ 

— 

370S.76 

04 

03 

02 

3S30.20 

04     ! 

05 

07 

08 

00 

03 

3*53-51 

01 

00 

00 

3S.S0.01 

03 

01 

II 

08 

03 

02 

12 

3Q0(> .  36 

00 

03 

04 

03 

09 

It 

3<>oS.  is 

02 

03 

?>()H-  J  5 

00 

09 

3(>><).  10 

07 

07 

3ot.S.4Q 

IO 

10 

3(>70-*7 

1 1 

12 

04 

01 

03 

20 

4007 . 74 

or 

01 

4102.66 

o.'i 

08 

00 

03 

03 

or 

03 

\202.<n 

04 

06 

00 

oS 

06 

14 

42Tt».7i 

1 

II 

20 

Oq 

4234. 12 

03 

02 

'3 

03 

10 

j;ov7o 

02 

03 

06 

4341.33 

1  :~  2    h  1 

09     :      04     |      10 

13 

'5 

oS 

00 

04 

4  ^  /  >  •  u  1             1 
4^7('-7S 

05 

07 

01       ' 

4^71-^2 

20 

07 

28   1 

4S()2.3j           | 

23 

09 

" 

02 

03 

1  Harvard  Annah,  28,  Part  1. 


SPECTRUM  OF  o  CETl 


365 


success,  on  the  night  of  September  6,  1902,  when  the  instrument 
was  changed  to  adapt  it  for  visual  work.  Corresponding  to  the 
bright  well-defined  Ha  of  the  comparison  spectrum  there  was 
continuous  spectrum,  but  no  bright  line  in  the  star.  Mr.  Wright 
was  present  and  verified  the  observation.  Ha  should  be  looked 
for  when  Mira  is  again  at  a  maximum. 

Table  XI  gives  the  measures  of  all  the  bright  lines  which 
appeared,  sooner  or  later,  during  the  course  of  the  work.  The 
same  scheme  of  residuals  is  used  as  in  Table  III. 

Below  is  given  a  list  of  places  which  have  the  appearance  of 
bright  lines,  but  which,  in  the  judgment  of  the  observer,  are 
bright  spaces  between  absorption  lines.  Some  of  the  places  were 
measured  on  only  one  plate,  but  the  wave-lengths  are  probably 
as  accurate  as  those  of  the  absorption  lines. 


x 3978.7 

X  4213.0 

3998.5 

4427.9 

4002.7 

4434.5 

4031.5 

4512.6 

4179-6 

4777.6 

From  the  residuals  of  Table  XI  the  probable  error  of  the 
wave-length  of  a  bright  line,  determined  from  one  plate,  is  found 
to  be  dz0.o6t.m.  The  wave-lengths  of  the  bright  lines  show  no 
more  change  than  do  those  of  the  dark  lines.  The  average 
residual  for  each  plate  has  been  computed  and  there  is  no  sign 
of  variable  position.  A  comparison  of  these  average  residuals 
with  those  of  the  dark  lines  is  as  follows: 


TAIH 

K 

XII. 
Dark  Lints 

Date              1 

Plate  No. 

Piright  Lines 

1902,       July    6 

August    4 
1 1 

2  5 
190 1,  August  17 

7  C 

U  F 

2  s    Y 
27  I) 

2S    I) 

2235  1) 

4-0.02 
+  0.06 

—  0.03 

—  0.02 

—  0.03 
-f  0.02 

-f-0.01 

-f  0.04 

—  0.03 

—  0.03 
+0.0  * 

—  0.04 

These  average  residuals  are  all  so  small  that  the  agreement  in 
sign  for  some  cases  is  of  little  significance. 
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Table  XIII  gives  the  identification  of  some  of  the  bright  lines. 
There  can  be  no  doubt  that  the  hydrogen  series  is  present. 
Metallic  lines  which  seem  to  coincide  in  five  cases  are  given, 
but,  in  spite  of  the  accuracy  of  the  measures,  we  must  consider 
the  question  of  their  identity  to  be  still  open. 

TABLE  XIII. 

Identification  of  Bright  Lines. 


o  Ceti 
A 

Tabular  A 

Displacement 
t.  m. 

Substance 

Authority  for  A 

3751.2- 

3750.15 

+  1.0- 

Hk 

Ames 

3771-52 

3770.7- 

-f0.82 

Hi 

Ames 

3798.76 

3798.0- 

+0.76 

He 

Ames 

3836.20 

3835.6- 

-}-0.60 

#V 

Ames 

3853.51 

3889.9I 

3889.15 

+  O.76 

m 

Ames 

3906. }6 

3905.66 

-f-0.70 

Si  12 

Rowland 

3908.18 

3933.45 

3939-10 

3968.49 

3970.87 

3970.18 

+O.69 

He 

Rowland 

4007.74 

4102.66 

4IOI.89 

+0-77 

m 

Wright 

4202.91 

4202.20 

+0.71 

Fe% 

Rowland 

4216.71 

4234.12 

4308.70 

4308.08 

-f-0.62 

Fed 

Rowland 

4341-33 

4340.63 

4-0.70 

Hi 

Rowland 

4373-01 

4376.78 

4376.II 

+O.67 

Feb 

Rowland 

4571-82 

4571.26 

-fo.56 

MSS 

Rowland 

4802.34 

4861.53 

-ho. 81 

///3 

Rowland 

It  should  be  noticed  that  a  bright  line  developed  on  each 
side  of  each  of  the  strong  dark  calcium  lines,  gt  H  and  K. 
Without  looking  at  the  plates,  this  might  seem  to  be  due  to  a 
double  reversal  of  the  calcium  lines.  Their  appearance  is  not 
such,  however.  Mr.  Wright  also  examined  the  plates  with  this 
in  mind,  and  in  his  judgment  the  lines  are  separate  bright  lines, 
and  the  phenomenon  is  not  one  of  double  reversal. 

Several  attempts  were  made,  in  June  and  July  1902,  to  secure 
photographs  of  the  spectrum  of  Mira,  with  the  regular  three- 
prism  instrument.  It  was  impossible,  however,  to  make  an 
exposure  long  enough  to  record  the  continuous  spectrum.  The 
only  features  recorded  were  Hy  and  two  other  bright  lines.     By 
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was  single  on  all  the  plates.  It  seemed  nearly  monochromatic, 
but  was  a  little  sharper  on  the  violet  than  on  the  red  side.  It 
had  the  same  appearance  as  that  found  by  Campbell  in  1898  at 
about  the  same  interval  after  the  star's  maximum.  In  1898  he 
found  that  fly  was  triple  from  five  to  two  weeks  before  maximum. 
Before  observations  of  o  Ceti  were  begun  in  1902,  it  had  been 
intended  to  make  polariscopic  tests  for  Zeeman  effects  in  the 
bright  lines;  but  they  were  found  single  on  the  first  photographs 
and  no  observations  for  polarization  were  attempted.  These 
should  certainly  be  made  when  it  is  again  possible  to  observe 
the  star  at  maximum.  Measures  of  the  three-prism  plates  give 
the  following  displacements  of  ffy  in  tenth-meters. 

TABLE  XIV. 


Date 

Plate  No. 

t.m. 

1902,  July  2 

2 

21 

August  18 

2446  K 

2447  A 
2470  D 
2505  E 

Meai 

+O.65 
+0.68 
+0.65 
+0.61 

1  +0.65  t.m. 

It  is  interesting  to  compare  the  measures  of  plates  taken  in 
1902  with  those  of  1898.  Campbell  also  observed  the  bright 
lines  near  X  4308  and  X  4376.  They  were  also  measured  on  the 
high-dispersion  plate  of  August  18,  1902.  In  the  following 
scheme,  under  the  heading  "Bright  Lines"  is  given  the  actual 
observed   displacement  of    each    bright   line,  corrected   for    the 
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Cammikll.  1898 

StRBBINS,    IQ02 

.    Hright  Lines 

t.m. 

I 

+0-77 

+  0.62 

'       +O.70 

j       +0.07 

Link 

Three 

Prisms 
Dark  Lines, 
t.m. 

+  O.85 
+0.*Q 
+0.00 

+0.91 

Three  Prism.s 

One  Prism 

Bright  Lines 
t.m. 

Dark   Lines, 

t.m. 

t.m. 

Hb  4101.89 
Fe?  4308.08 
f/y  4340.63 
/V  4376. 11 

+O.64 

+0 .  60 

+O.64 
+0.61 

+0 . 6 i 
+0.05 
+0 .  66 

+0.f)0 
4-O.05 
+0  .  ()6 

+0 .  96 
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earth's  motion.  Under  "Dark  Lines"  is  given  an  assumed  dis- 
placement which  corresponds  to  that  of  the  absorption  lines  in 
the  spectrum. 

The  dark  lines  in  this  region  of  the  spectrum  are  apparently 
displaced  about  0.25  tenth-meter  farther  to  the  red  than  are  the 
bright  lines.  The  results  obtained  with  one  prism  are  system- 
atically larger  than  those  obtained  with  three  prisms.  This  may 
be  partly  due,  in  the  case  of  Hy  and  Hh,  to  overexposure  on 
many  of  the  plates.  Since  the  lines  seem  to  shade  off  towards 
the  red,  greater  exposure  probably  slightly  increases  the  appar- 
ent wave-lengths.  However,  since  the  displacement  of  the  other 
hydrogen  lines,  which  where  not  overexposed,  is  about  the 
same  as  that  of  Hy  and  //S,  this  effect  is  probably  not  large. 
The  difference  between  the  results  of  1898  and  1902  is  due,  no 
doubt,  to  personal  errrors. 

The  bright  lines  at  \\  4308  and  4376,  marked  as  possibly  due 
to  iron,  are  of  peculiar  interest.  They  were  recorded  in  Table 
VI  as  dark  lines.  The  appearance  of  each,  on  some  of  the  plates, 
is  of  a  bright  line  with  an  adjacent  dark  one  on  the  red  side.  If 
the  bright  lines  be  due  to  iron,  they  are  displaced  by  the  same 
amount  as  the  bright  hydrogen  lines;  and  if  iron  produces  the 
absorption  components,  the  displacements  are  equal  to  those  of 
other  dark  lines. 

A  glance  at  the  series  of  plates  showed  that  there  were  many 
changes  of  intensity  among  the  bright  lines,  both  relative  to  each 
other  and  to  the  continuous  spectrum.  Lines  not  visible  on  the 
earlier  plates  became  more  intense  than  the  hydrogen  lines  which 
were  so  bright  near  maximum. 

In  order  to  estimate  the  amounts  of  the  changes,  a  scale  was 
made  by  the  following  method:  An  occulting  strip  was  arranged 
in  front  of  the  photographic  plate  in  the  three-prism  Mills  spec- 
trograph in  such  a  manner  that  only  the  line  X  4308.08 1  of  the 
iron  spectrum  reached  the  plate.  A  two-second  exposure  gave 
just  a  trace  of  an  image  of  this  line,  whereas  ten  minutes  pro- 
duced an  overexposed  image  of  greater  breadth  and  blackness 
than  was  ever  obtained  of  the  bright  Hh  star  line.  The  plate- 
holder  was  moved   by   small  successive  steps  along  in  its  cell, 


SPECTRUM  OF  o  CETI  369 

and  a  series  of  carefully  timed  exposures,  varying  from  one 
second  to  ten  minutes,  was  made.  At  intervals  the  current  was 
switched  to  the  other  side  of  the  comparison  apparatus  and  an 
image  of  the  same  line  due  to  an  exposure  of  five  seconds  was 
recorded  on  the  plate.  These  extra  images  served  as  a  rough 
test  of  the  constancy  of  the  light,  and  as  reference  points,  for 
the  scale.  The  exposures  were  all  made  on  the  same  plate, 
and  the  different  images  received  the  same  photographic  treat- 
ment. 

The  bright  lines  of  o  Ceti  were  compared  with  this  scale,  and 
to  each  line  was  assigned  as  intensity,  the  number  of  seconds 
required  to  produce  the  equal  line  in  the  scale.  Independent 
estimates  of  the  same  line  made  in  this  manner  at  different  times 
are  accordant  with  each  other. 

As  the  density  of  the  star  spectrum,  as  a  whole,  varied  greatly 
on  the  different  plates,  the  intensities  of  the  same  line  on  dif- 
ferent plates  are  not  comparable,  unless  they  are  referred  to  a 
common  standard.  If  the  intensity  of  a  bright  line,  as  esti- 
mated with  the  scale,  be  divided  by  the  intensity  of  the  continu- 
ous spectrum  on  the  same  plate,  we  get  what  we  might  call  the 
intensity  of  the  bright  line  referred  to  the  continuous  spectrum. 
The  quotients  formed  in  this  manner  will  be  referred  to  as  the 
intensities  of  the  bright  lines.  It  is  evident  that  long  and  short 
exposures  of  the  star  taken  on  the  same  night  should  give 
approximately  the  same  intensities  of  the  bright  lines.  As  has 
already  been  shown,  there  is  evidence  that  the  intensity  of  the 
continuous  spectrum  varied  in  different  parts  as  the  star  faded. 
The  intensities  of  bright  lines  were,  therefore,  all  referred  to 
the  portion  of  the  continuous  spectrum  between  \  4 102  and 
\  4227. 

The  development  of  the  bright  lines  is  shown  in  Table  XVI. 
It  happens  that  the  faintest  bright  line  to  which  an  intensity  was 
assigned  is  called  I.  On  plate  27D  the  line  at  \  3908.18  was 
estimated  with  the  bright  line  scale  to  be  of  intensity  3.5.  The 
intensity  of  the  continuous  spectrum  between  HS  and  £-  was 
called  24.  Dividing  3.5  by  24  and  multiplying  by  10,  an  arbi- 
trary factor,  the  resulting  intensity  of  the  bright  line  is  1.     On 
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the  plate  2B  the  scale  value  of  the  Hh  line  was  250,  and  the  con- 
tinuous spectrum  was  of  intensity  6.  The  resulting  intensity  of 
Hh  is  therefore  420.  These  numerical  operations  are  crude,  but 
they  are  as  accurate  as  necessary. 

In  Table  XVI  a  period  (.)  indicates  that  the  image  on  the 
plate  is  dense  enough,  and  that  the  definition  is  good  enough  to 
show  the  line  as  bright,  had  it  existed  when  the  plate  was  taken, 
but  that  it  was  not  visible.  A  dash  ( — )  means  that  the  line  did 
not  appear  on  the  plate,  but  that,  judging  from  the  evidence  fur- 
nished by  other  plates,  it  would  have  been  recorded  with  a  longer 
exposure.  Where  the  observer  is  unable  to  state  whether  the 
line  existed  or  not,  the  space  has  been  left  blank.  Plates  num- 
bered 13E,  18F,  21F,  and  25F,  and  those  of  Mr.  Wright,  are 
Isochromatic,  and  are  therefore  not  strictly  comparable  with  the 
Crown  plates. 

The  short  exposures  3C  and  4E  give  results  fairly  consistent 
with  the  long  exposure  2B,  taken  on  the  same  night.  The  plates 
8D  and  9E  do  not  agree  at  all  with  the  denser  negative  of  /C. 
This  discordance  shows  that  the  estimates  are  very  rough. 

Another  source  of  error  is  the  effect  of  widening  the  slit  for 
the  long  exposures.  This  might  easily  produce  a  progressive 
change  in  the  apparent  intensity  of  the  lines  relative  to  the  con- 
tinuous spectrum,  but  it  certainly  could  not  produce  such  great 
variation  among  the  lines  themselves. 

The  changes  of  the  lines  are  shown  graphically  in  Figs.  8-13. 
The  intensities  are  represented  by  ordinates.  It  will  be  seen 
how  the  hydrogen  lines,  Hy  and  Hh,  decreased  in  intensity  as 
the  star  grew  faint.  In  Fig.  8,  Plate  2B,  the  intensity  of  Hy  has 
been  arbitrarily  reduced  to  accord  with  the  evidence  furnished 
by  the  other  plates  taken  on  the  same  night.  Figs.  8-12  truth- 
fully indicate  the  development  of  the  bright  lines  from  Hf>  to 
the  red.  In  Fig.  13  and  to  the  violet  of  Hh  on  the  other  plates 
the  data  are  insufficient  on  account  of  underexposure.  The  line 
at  \  4007  was  the  only  one  which  certainly  disappeared  during 
the  interval  covered  by  these  six  plates.  The  development  of 
the  line  at  X  457 1  was  remarkable.  This  line,  which  is  perhaps 
due   to   magnesium,  did  not  appear  until  the  star  was  of  about 
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magnitude  5.4,  and  as  the  star  grew  fainter  it  became  the  most 
prominent  object  in  the  spectrum. 

The  images  on  the  plates  following  48A  are  not  strong  enough 
to  give  results  which  can  be  entered  in  Table  XVI.  A  brief 
summary  of  what  was  found  on  the  plates  may  be  of  interest: 

54A.  Bright  lines  4202,  4308,  apparently  present,  4571  certain.  No  trace 
of  any  continuous  spectrum. 

58A.  Bright  lines  4202,  4308,  4571  all  certain.  Faint  continuous  spec- 
trum from  X4000  to  X  4800. 

59A.  Bright  line  4202  not  found.  4308,  4571  present.  Faint  continuous 
spectrum  from  X4000  to  X4150,  also  from  X  4200  10X4585. 

On  58A  and  59A  the  continuous  spectrum  was  visible  in  the 
Hy  and  Hh  regions,  but  no  trace  of  a  bright  line  was  seen  in 
either  case.  The  evidence  furnished  by  these  later  plates  there- 
fore strengthens  the  conclusion  that  the  bright  hydrogen  lines 
disappeared  at  minimum.  Hy  and  Hh  would  certainly  have  been 
recorded  if  they  had  remained  as  intense  as  they  were  a  month 
preceding  minimum.  Figs.  8-13  show  that  Hy  and  Hh  were 
growing  fainter  as  the  star  declined,  and  the  lines  \  4202,  \  4308, 
and  X 457 1  were  increasing  in  intensity  as  far  as  Plate  48A.  I 
am  not  prepared  to  say  whether  the  intensities  of  these  last  three 
lines  increased  or  decreased  after  that  time,  but  they  did  not 
change  much.  It  is  certain  that  no  new  bright  lines  appeared 
which  were  as  prominent  as  those  already  under  observation,  for 
the  plates  were  carefully  examined.  In  fact  the  lines  on  Plate 
54A  were  entirely  overlooked  on  the  first  examination. 

While  the  method  of  estimating  intensities  here  presented  is 
subject  to  many  errors,  it  affords  a  better  idea  of  the  changes 
than  be  could  given  by  a  mere  description.  All  the  estimates 
with  the  bright-line  and  continuous-spectrum  scales  were  made  in 
such  a  way  as  to  avoid  personal  bias.  The  observer  did  not 
know,  when  using  the  scales,  how  the  final  intensities  would 
come  out,  and  the  relative  changes  observed  in  the  continuous 
spectrum  and  in  the  bright  lines  are  real. 

Until  this  star  has  been  successfully  followed  through  all  its 
phases,  it  is  obviously  too  soon  to  advance  anv  theory  to  account 
for  the  observed   changes   in  its   spectrum   or  in  its  brightness. 
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The  light  gathering  power  of  the  great  refractor  is  not  sufficient 
to  follow  the  spectrum  satisfactorily,  at  least  not  on  the  disper- 
sive scale  used  by  me.  An  ideal  equipment  for  work  on  variables 
would  consist  of  a  large  reflector  which  could  be  used  for  this 
purpose  alone,  with  spectrographs  of  various  dispersive  powers 
arranged  for  use  in  all  parts  of  the  spectrum. 

The  apparent  constancy  of  radial  velocity  is  strong  evidence 
that  the  variations  in  brightness  are  not  due  to  the  influence  of  a 
companion  star,  unless,  indeed,  the  companion  were  of  very 
small  relative  mass,  were  moving  in  a  very  eccentric  orbit  and 
approached  very  close  to  the  primary.  The  displaced  system  of 
bright  lines  could  not  belong  to  such  a  companion,  as  their  wave- 
lengths are  apparently  constant.  The  large  irregularities  in  the 
period  of  the  light  curve  practically  preclude  the  question  of  a 
binary  system,  though  perhaps  not  absolutely  so. 

The  remarkable  distribution  of  light  in  the  hydrogen  series 
seems  as  yet  impossible  to  explain.  Miss  Clerke  has  explained 
the  apparent  absence  of  He  by  assuming  the  hydrogen  to  be  at  a 
lower  level  in  the  star's  envelope  than  the  calcium  layer,  the  H 
calcium  absorption  destroying  the  He  radiations.  This  theory 
may  still  be  true,  though  the  existence  of  a  faint  bright  He  has 
been  proven.  However,  H0  and  Ha  are  much  more  reduced  in 
intensitv  than  is  He ;  and  with  them  there  is  no  evidence  of  over 
lying  absorption  strata.  It  is  usually  expected  that  the  bright 
hydrogen  series  will  diminish  in  intensity  from  red  towards  the 
violet.  This  appears  to  hold  even  for  new  stars,  in  which  the 
disturbance  has  been  very  sudden,  though  exception  should  per- 
haps be  made  for  Ha  when  new  star  spectra  approach  the  nebu- 
lar form.  The  supposition  that  in  J///7*  the  hydrogen  series  may 
regularly  decrease  in  brightness  from  violet  to  red  is  not  tenable, 
as  the  diminution  from  Hy  to  H/3  is  entirely  too  great.  Inas- 
much as  the  bright  lines  are  strongly  shifted  (to  the  violet  with 
reference  to  the  dark-line  system)  from  their  normal  positions 
apparently  by  causes  other  than  radial  velocity  and  pressure,  it 
seems  probable  that  the  peculiarities  of  the  hydrogen-line  inten- 
sities are  due  also  to  causes  now  unknown  to  us.  The  presence 
of  the  bright  iron  lines  X  4308  and  A  4376,  the  absence  of  others 
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of  the  same  element,  and  the  diversity  of  structure  observed  by 
Campbell  in  the  triple  Hy  and  Hh  bands  are  perhaps  due  to 
similar  unknown  causes. 

The  great  variations  of  relative  intensity  observed  in  the 
hydrogen  and  other  bright  lines,  and  in  the  continuous  spectrum, 
show  that  the  star's  decrease  in  light  is  produced  by  other  causes 
than  general  absorption. 

Considering  all  the  evidence,  it  seems  reasonably  certain  that 
the  star's  variation  in  brightness  is  due  to  the  action  of  internal 
forces. 

I  beg  to  acknowledge  my  indebtedness  to  Director  Campbell, 
who  provided  the  necessary  apparatus  and  made  valuable  sugges- 
tions during  the  course  of  the  work;  to  Messrs.  Wright  and 
Reese,  for  continual  advice  and  assistance,  and  to  Dr.  H.  D. 
Curtis,  for  enlarging  the  negatives  for  reproduction. 

OBSERVATIONS  OF  THE  BRIGHTNESS  OF  O  CETl  IN    I9O2-I9O3. 

The  brightness  of  o  Ceti  was  observed  by  Argelander's  method 
about  once  a  week,  beginning  with  June  23,  1902.  At  first  the 
star's  magnitude  was  determined  with  the  naked  eye  or  opera 
glass.  After  it  had  become  too  faint  to  be  seen  with  an  opera 
glass,  the  three-inch  finder  of  the  twelve-inch  telescope  was  used. 

In  order  to  avoid  prejudice,  the  observations  in  "grades"  were 
made,  recorded,  and  then  laid  aside,  to  be  reduced  a  month  or 
two  later.  When  observing,  I  did  not  know  the  magnitude  of 
any  of  the  comparison  stars,  and  in  but  few  cases  did  I  remem- 
ber what  the  estimate  on  any  previous  night  had  been. 

The  magnitudes  of  all  stars  brighter  than  7.00  were  taken  from 
the  Harvard  Photometry,  Harvard  Annals,  45.  For  the  fainter 
stars  the  adopted  magnitudes  are  those  of  H.  M.  Parkhurst,  given 
in  29,  144  of  the  same  publications.  No  stars  that  arc  not  in 
one  of  these  two  sources  were  used  for  the  comparisons. 

The  value  of  one  "grade"  has  been  determined  from  the 
observations  to  be  0.11  magnitude.  However,  most  of  the  com- 
parisons were  made  and  reduced  in  such  a  manner  that  the 
resulting  magnitude  is  independent  of  the  value  of  a  grade.  For 
the  sake  of  uniformity,  all  estimates  were  made  in  grades,  and  it 
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was  tried  to  keep  the  value  of  one  grade  as  nearly  constant  as 
possible.  In  reducing  observations  where  o  Ceti  was  compared 
with  two  stars,  one  brighter  and  one  fainter,  the  magnitude  of 
the  variable  has  been  taken  proportionally  between  them.  In 
taking  the  mean  of  several  estimates,  an  estimate  derived  from 
two  stars  has  been  given  twice  the  weight  of  an  estimate  based 


TABLE  XVII. 
Reference  Letters  and  Magnitudes  Adopted  for  the  Comparison  Stars. 


Letter 

Mag. 

B.D. 

Name 

R.  A.  1900 

Decl.  1900 

a 

3-&4 

— IO°240 

17   Ceti 

ih03m6 

—  10    43' 

b 

3.64 

+    2C422 

y  Ceti 

2  38.1 

+  2     49 

c 

3-71 

-16295 

t   Ceti 

1  39-4 

-l6      28 

d 

3.86 

-    8*244 

6   Ceti 

1   19.0 

-  8     42 

€ 

3-90 

—    0^406 

5    Ceti 

2  34-4 

—  0     06 

f 

3-91 

+    2*317 

0   Piscium 

1  56.9 

+  2  17 

z 

3-96 

-nc35Q 

f  Ceti 

1  46.5 

—  10     50 

h 

4.30 

+  7' 388 

£a  Ceti 

2  22.8 

+  8    oi 

i 

4-33 

+  9  359 

fx  Ceti 

2  39.5 

+  9    42 

J 

4.40 

+  8*273 

0    Piscium 

1  40. 1 

+  8    39 

k 

4.62 

+  4C293 

v   Piscium 

1  36.2 

+  4     59 

I 

4-73 

+  «°455 

X   Ceti 

2  54.4 

+  8    31 

m 

4.88 

+    2° 290 

£    Piscium 

1  48.4 

+  2    42 

n 

5-05 

+  4°4i8 

v    Ceti 

2  30.6 

+  5    09 

P 

5.22 

—  4c26o 

1  37-7 

-  4     " 

<i 

5-54 

-    ic353 

75  Ceti 

2  27.1 

-  1     28 

r 

5.63 

-  3336 

66  Ceti 

2  07.7 

-  2     52 

$ 

5.64 

-     I°322 

70  Ceti 

2   17. 1 

—   1     20 

t 

5- 60 

-  7C393 

67  Ceti 

2  12.0 

-  6     53 

it 

5-73 

-    1   377 

84  Ceti 

_     2  36.1 

-   1     08 

IV 

5-76 

+  i'4io 

2  12.8 

+  1     17 

X 

6.00 

-   2  375 

63  Ceti 

2  06.5 

-  2     IS 

y 

6.  30 

-  3  374 

71  Ceti 

2  20.0 

-  3    14 

z 

6.47 

-   5°43« 

2  14.6 

-  4    48 

A 

6.71 

+  oc37o 

2   10. 1 

+  0     15 

B 

6.8-' 

-   4   394 

2  20.0 

-  4    20 

C 

7.27 

-   3 "372 

D 

7-33 

-  3  340 

E 

7. so 

-   2  389 

F 

S.12 

-   4*379 

(i 

8.44 

-  3° 37 5 

Jl 

8.6s 

-  4  390 

/ 

S.80 

-  3  37i 

/ 

8.05 

-   3 '363 

K 

0-35 

-   3  347 

I. 

0-44 

-   3*355 

M 

0.4S 

-   3  373 

X 

Q.09 

—    3    102 

1  Harvard   magnitude    706,  lias  8.5  magnitude  companion.     Combination  of  the 

two  assumed  6.8  magnitude. 
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upon  a  single  comparison  star.  As  a  hundredth  of  a  magnitude 
is  of  little  significance  in  observations  of  this  kind,  the  final 
means  have  been  rounded  off  to  the  nearest  tenth  of  a  magnitude, 
but  the  light-curve,  shown  in  Fig.  I,  was  drawn  with  the  means 
taken  to  hundredths.  Evidence  of  the  Purkinje  phenomenon 
shows  in  the  change  from  opera  glass  to  the  three-inch  finder. 


TABLE  XVIII. 
Observations  of  the  Brightness  of  o  Ceti. 


Astronomical 
Date 

G. 

:M.T. 

Comparisons 

Mag. 

Mean 

Astronomical 
1           Date 

G.    ' 
M.T. 

1 

Comparisons 

1 
Mag. 

i 

Mean 

IC)02 

1 

1           I902 

1 

June  23 

|  23h.5 

v=b 

3.64 

|     Aug. 

25 

22\'2 

X  2  V  2  B 

6.42  | 

6.4 

1 

V  2  g 

3.74 

1     Sept. 

3 

20.  S| 

B  2  V  2  D 

7.0b  ' 

1 

a  2  v 

3.86 

1 

v  -    A 

6.71  1 

6.9 

v  2  f 

3-6u. 

1 

6 

21    .6| 

B  2  v  2  D 

7.06 

1 

v  =  d 
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380  JOEL   STEBBINS 

After  January  10,  1903,  the  observer  was  in  residence  at  Berke- 
ley, and  a  few  observations  of  brightness  were  made  there  with 
various  instruments. 

REMARKS. 

June  27:  Fifth  comparison  assigned  yi  weight  on  account  of  interval  of 
4  grades. 

August  18:  First  of  opera  glass  series. 

September  3:  Could  see  v  with  naked  eye. 

September  17:  First  with  three-inch  finder. 

October  5:  Identifications  certain. 

October  8  and  15:  Remembered  comparison  with  E  and  F  on  October  5. 

January  29:    Berkeley.     One-inch  telescope. 

February  28:    Berkeley.     Two-inch  telescope. 

March  17:    Berkeley.     Opera  glass. 

May  1,  1903. 


ON  THE  SPECTRUM  OF  THE  AURORA. 

By   C.    Rungk. 

In  his  report  on  the  aurora  Paulsen1  compares  its  spectrum 
with  the  spectrum  of  the  bluish  light  near  the  cathode  of  a 
vacuum  tube  filled  with  oxygen  and  a  little  nitrogen  and  monox- 
ide of  carbon.  Paulsen  comes  to  the  conclusion  that  there  is  a 
close  connection  between  the  two  spectra : 

Les  tableaux  ci-dessus  semblent  done    reV61er  un  accord  intime  entre  le 


Krypton 

Intensity 

Aurora 

Intensity 

Oxygen  Tube  near 
Cathode 

Intensity 

603.5-589.O 
'598.O 

I 
2 

587.I 

8 

589.O-575.O 

575-0-553-7 

569.3 

3 
1 
1 

557.0) 
556.2) 

8 
4 

1 

558.0-554.4 

10 

561.8-556.8 

543-3 

534.3 
528.7-513.5 

526.5 

5230 
520.0    518.3 
508.O-506.5 

500.0 

496.O 

492.0 

4S5.5-480.O 

^476.2 

12 

1 

5 

1 

3 

5 
8 

3 

2 

1 

5 

1 

467.I 

2 

470 

10 

470.2 

10 

462.4 

1       1 

463 

10 

464.8 
4S8.8 

10 

i 

455 

10 

456.8 
450.5 

\ 

450.2) 

4 

1 

446.4  V 

5 

449 

10 

44*.  8 

2 

445-4  ) 

4 

1 

440.0 

1 

441.5-439.0 

1 

I 

441-6 

4  37-5 

10 
1 

437-6  ) 

3       ! 

.       1         430.5 

2 

436.*  ' 
432.0  f 

2 
4 

436.0-430.5 

1 

1      j  435.2-43  i-6 

10 

431.9  J 

2 

I       ..        431-7 

2 

427.4 

4 

428.5-425.0 


I  0 

42S. 5-426.0 

I 

10 

1  Rapports  presentes  an  eon  a  res  international  de  physique,  3,  4^8.      Paris. 
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spectre  de  l'aurore  bor^ale  et  celui  de  la  lumiere  qui  entoure  la  cathode  d'un 
tube  contenant  de  l'oxygene  et  de  l'azote. 

The  conclusion  seems  to  me  misleading.  For  if  we  compare 
the  spectrum  of  the  aurora  with  the  spectrum  of  .krypton,  the 
coincidences  are  at  least  as  striking  as  in  the  case  considered  by 
Paulsen.  In  the  preceding  table  the  three  spectra  are  written 
side  by  side  as  far  as  krypton  lines  have  been  observed.  The 
first  column  gives  the  spectrum  of  kryrpton  in  a  vacuum  tube 
without  Ley  den  jar  and  spark-gap,  according  to  my  observations. 
The  second  column  contains  the  spectrum  of  the  aurora,  and  the 
third  the  spectrum  near  the  cathode  of  an  oxygen  tube,  both  as 
given  by  Paulsen.     The  wave-lengths  are  given  in  fifi. 

I  do  not  maintain  that  these  coincidences  prove  the  spectrum 
of  the  aurora  to  be  that  of  krypton.  I  wish,  on  the  contrary,  to 
draw  the  inference  that  these  comparisons  of  spectra  have  very 
little  value  as  long  as  the  wave-lengths  of  the  auroral  lines  are 
not  measured  more  accurately.  The  only  auroral  line  which  has 
been  measured  with  a  considerable  amount  of  accuracy  is  the 
green  line,  and  here  the  coincidence  seems  to  be  in  favor  of 
krypton,  as  I  pointed  out  some  years  ago.1 

In  Scheiner's  Astronomical  Spectroscopy,  translated,  revised, 
and  enlarged  by  E.  B.  Frost,  the  following  determinations  of 
the  wave-length  of  the  green  line  are  considered  the  most 
accurate  :2 

1867,  Angstrom 
1872,  Votfel, 
1  872,  Wijkander    - 
1  $73,  Lemstrom 

Mv  determination  of  the  green  krypton  line  is: 
X  =  5570.417,  mean  error  0.015. 
The  broad  band  at  X 56 1. 8-5 56. 8  that  Paulsen  has  measured 
in  the  spectrum  of  the  oxygen  tube  is  probably  the  green  band 

of   carbon  monoxide. 

Kiki  iiknni;  iti-.i   Hannover, 

(  >etober  1 00^. 

1  Xtiture,  59,  20,  iSqS,  p.  320. 

3  I  have  reduced  the  wave  lengths  to  Rowland's  scale. 


A 

A 

5568 

1874,  Huggins    - 

-     5572 

55/2 

1880,  Copeland 

5573 

5573 

1882,  Gyllenskiold      - 

-     5569 

557o 

1894,  Campbell 

5571.6 

TEN  STARS  WHOSE  RADIAL  VELOCITIES  VARY. 

By  Edwin  B.  F  host  and  \V  alter  S.  Adams. 

The  systematic  observations  of  stars  having  spectra  of  the 
Orion  type,  which  have  been  a  part  of  our  program  during  the 
past  two  years,  continue  to  yield,  as  an  interesting  by-product,  a 
large  proportion  of  spectroscopic  binaries.  The  present  list 
brings  the  number  so  far  found  with  the  Bruce  spectrograph  up 
to  twenty-three  (aside  from  four  having  spectra  of  other  types). 
We  have  at  present  obtained  the  minimum  number  of  three  good 
plates  for  only  sixty-three  of  these  Orion  type  stars,  so  that  the 
ratio  of  those  whose  radial  velocities  are  variable  is  at  the  least 
greater  than  1 :  3  for  those  so  far  observed  by  us.  The  fact  must  be 
considered  that  the  lines  in  the  spectra  of  many  of  these  stars  are 
so  broad  and  ill-defined  that  only  rough  determinations  of  radial 
velocity  are  possible,  whence  variations  of  small  amplitude  must 
escape  detection  with  the  present  appliances.  Further,  the  inter- 
val of  time  covered  by  our  observations,  particularly  of  the 
fainter  stars  included  in  our  present  list,  is  too  short  to  permit 
the  recognition  of  variations  having  periods  longer  than  a  few 
days  or  weeks.  Finally,  three  observations  are  by  no  means 
sufficient  to  establish  the  constancy  of  the  radial  velocity  of  any 
star,  even  during  a  short  interval  of  time.  Accord inglv  the 
striking  inference  must  be  drawn  that  one  out  of  every  two  or 
three  stars  with  spectra  of  the  Orion  type  constitutes  a  dual  (or 
perhaps  multiple)  system. 

Most  of  the  spectrograms  referred  to  below  were  obtained 
with  the  dispersion  of  one  prism  and  with  the  triple  camera  lens 
of  607mm  focus.  They  are  designated  as  series  IB,  followed  bv 
the  current  number.  Since  our  last  communication,  in  the  June 
number  of  this  Journal,  the  outer  temperature  case  has  been 
altered  by  the  insertion  of  two  doors,  so  that  it  can  be  used  with 
one  prism  or  two  or  three  prisms,  as  may  be  desired,  and  the 
temperature  can   be   maintained   practically  as  steadily  as  when 
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all  doors  are  closed  and  the  three  prisms  are  used  according  to 
the  original  design  of  the  spectrograph. 

Reference  has  already  been  madex  to  the  advantages  derived 
from  the  use  of  low  dispersion  for  stars  with  this  type  of  spec- 
trum. It  would  probably  not  be  too  much  to  say  that  fully  ha' 
of  the  stars  in  the  list  below  can  be  studied  to  better  advantage 
with  one  prism  than  with  three.  A  notable  illustration  of  this  is 
i  Ononis,  in  the  spectrum  of  which,  upon  negatives  taken  with 
high  dispersion,  the  lines  are  barely  recognizable  as  very  faint 
brightenings  in  the  continuous  spectrum,  and  are  practically 
immeasurable.  Accordingly,  while  it  may  appear  that  in  the 
list  of  measures  given  below  rather  large  differences  are  to  be 
found  between  the  values  obtained  by  the  different  observers 
from  the  same  plate,  these  differences  are  to  be  considered  as 
due  rather  to  the  inherent  character  of  the  spectra  than  to  the 
fact  that  insufficient  scale  has  been  employed  to  enable  accurate 
measurement. 

t  Andromedae  (o  =  oh  32m;  8  =  +33°  10';  Mag.  =  4.4). 


Plate 

Date 

G.  M.  T. 

Taken 
by 

Velocity 

No.  of  Lines 

Velocity 

F 

A. 

F. 

A. 

Mean 

IK  92 

106 
129 

1903,  Sept.  25 
Oct.    10 
Oct.     17 

I7h3,m 

14       7 
19    30 

F. 
A. 
F. 

km 
-  6 

+31 
+58 

km 

+  3 
+33 
+  62 

2 

4 
5 

5 
3 
5 

km 

—    2 

+32 
+  60 

The  lines  in  the  spectrum  of  this  star  are  rather  sharper  than 
in  the  case  of  most  stars  of  this  class.  The  first  plate  is  poor, 
but  the  other  two  are  rated  in  our  notes  as  good. 

£  Cassiopeia*  (a  —  oh  37m;  5  =  +49°  58' ;  Mag.  =  4.8). 


Hate 


IK   107 

'75 


Date 

G.  M.  T. 

Taken 
by 

1             Velocity 

No.  of  Lines 

Velocity- 

F. 

A. 

F. 

A. 

Mean 

90 }.  Oct.   10 

1411  50™ 

A. 

km 
—  20 

km 

-  8 

3 

3 

km 

Oct.  24 
Nov.   7 

17  34 
14  35 

A. 

F. 

-33 

0 

-37 
-  9 

5 

3 

3 
5 

-35 
-  5 

'"Some   Miscellaneous  Radial  Velocity  Determinations  with  the  Bruce  Spectro- 
graph," A<i  knnivsicAL  Journal,  18,  67,  1903. 
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The  lines  in  the  spectrum  of  this  star,  although  not  exces- 
sively broad,  are  very  ill-defined  and  diffuse,  and  the  measures 
are  probably  subject  to  more  uncertainty  than  those  for  any  star 
in  the  list. 

0  Orionis  (a  =  5h  I7m;  5=  —o°  29';  Mag.  =4.6). 


Velocity 

No.  of  Lines 

Plate 

Date 

G.  M.  T. 

Taken 

by 





Velocity 

Mean 

F. 

A. 

F. 

A. 

km 

km 

km 

C    18 

1903,  Feb.   19 

i5h59m 

A.     1 

+31 

4 

+31 

C    26 

Feb.  25 

13  33 

F.      | 

+29 

4 

+29 

A413 

M  ar.    6 

14   25 

A. 

+31 

6 

+31 

IB    75 

Sept.    5 

21    51 

A. 

+  18 

+21 

4 

5 

+■9 

8? 

Sept.  18  1  21    46 

A.     1 

+29 

+34 

6 

6 

+32 

103 

Sept.  26  j  21   55 

A.     1 

+27 

6 

+27 

114 

Oct.    10 

20  34 

A.     1 

+32 

3 

+32 

133 

Oct.    17 

22   47 

F.      1 

+27 

7 

+27 

156 

Oct.   24 

20  05 

A.     ! 

1 

+33 

5 

+33 

The  values  given  by  C  18  and  C  26  of  the  above  list  are 
entitled  to  low  weight  in  view  of  the  quality  of  the  spectra. 
The  chief  evidence  of  variation  in  the  star's  velocity  is  furnished 
by  IB  75:  the  excellent  character  of  this  plate  and  the  satisfac- 
tory agreement  of  the  two  sets  of  measures  upon  it  lead  us  to 
the  conclusion  that  the  variation  is  real.  The  spectrum  is  very 
well  adapted,  for  a  star  of  this  type,  to  accurate  measure- 
ment, most  of  its  lines,  in  particular  those  due  to  helium,  being 
strong,  narrow,  and  well  defined. 


X  Aurigae  (a  =  5h  26"';  5  =  +  32'   8';   Mag.  =  5.0). 


Plate 

n   vf   t 

|,              Velocity 
Taken    1 

No.  of  Lines 

Velocity 

1 
1 

1          F.         ,         A. 

|l 

,    |    , 

<    1     s 

5    1     b 

5   1     s 

Mean 

IB    73 
112 
120 

1903,  Sept.   5 
Oct.  10 
Oct.   16 

I9h4S"' 
IS    46 
20    16 

km                km 
A.       ll     +U       1     +2< 
A.           +15      |    +  0 
A.          +11          +15 

km 

+  28 
+  12 
+  13 

The  spectrum  of  this  star  is  similar  to  that  of  o  Ononis, 
although  its  lines  are  rather  less  sharply  defined.  X  4-67  is 
exceptionally  strong. 
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t  Orionis  (o  =  5h  30";  8  —  —  50  59';  Mag.  =  3.0). 


Velocity 

No.  of  Lines 

Plate 

Date 

G.  M.  T. 

Taken 

Velocity 

by 

Mean 

F. 

A. 

F. 

A. 

|        km 

km 

km 

IB    76 

1903,  Sept.    5 

22h29m 

A. 

!  +i8 

+23 

2 

4 

+21 

97 

Sept.  25 

21    58 

F. 

:    +44 

+35 

4 

4 

+40 

104 

Sept.  26 

22  33 

A. 

1    +59 

+55 

2 

3 

+57 

134 

Oct.  17     '  23   19 

F. 

!  ....      +35 

3 

+35 

M7 

Oct.  23 

23  37 

F. 

1  +42     +41 

3 

3 

+42 

157 

Oct.  24 

20    tf 

A. 

1  .... 

167 

Oct.  30 

20    00 

A. 

+89     +91 

2 

2 

+90 

The  spectrum  of  this  star  appears  to  be  decidedly  complex. 
In  the  case  of  the  majority  of  the  plates  the  helium  lines  and  Hy 
consist  of  exceedingly  broad  and  diffuse  lines  upon  which  are 
superposed  maxima  sometimes  to  the  number  of  two  or  three, 
and  usually  of  considerable  intensity.  The  effect  of  these  is 
greatly  to  complicate  the  determinations  of  velocity.  Sufficient 
evidence  has  not  yet  been  obtained  to  determine  whether  these 
maxima  are  due  to  the  other  member  or  members  of  the  system 
producing  the  variation  in  velocity,  or  to  physical  conditions  in 
the  star.  The  determinations  of  velocity  given  in  the  table  are, 
in  all  cases,  derived  from  the  broad  diffuse  lines,  although  it  has 
also  been  our  practice  to  measure  the  position  of  the  various 
maxima  as  well.  In  the  case  of  IB  157,  however,  the  complica- 
tion is  so  great  that  it  has  seemed  best  to  us  to  omit  the  value 
obtained  from  it  until  further  study  of  the  star's  spectrum  has 
enabled  us  to  form  more  definite  conclusions  as  to  the  relation- 
ships involved  in  the  various  lines. 

v  Orionis  (a  =  6h  2m;  8  =  +140  47';   Mag.  =4.4). 


Plate 

Date 

G.  M.T. 

Taken 
by 

Velocity 

No.  of  Lines 

1   Velocity 

F. 

A. 

F.      |       A. 

Mean 

A  ;<m 

11'  173 

187 

1003. Jan.  22 
Nov.  1  ; 

20h23m 
2  3    3^ 
21     31 

f.  i 

F.     j 
A. 

km 

+82 
+20 
+■1 

km 
+So 
+23 

+  13 

2      1        4 

6     1        5 

5     1        5 

I  +Si 

1  +21 
.  +12 

The   fust   plate,  taken  with  three  prisms  and  camera  A,  had 
such  broad  and  hazy  lines  that  it  was  laid  aside  without  measure- 
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ment.  The  second  plate,  however,  indicated  so  different  a  radial 
velocity  that  an  attempt  was  made  to  measure  the  first,  with  the 
above  result,  which  is  only  very  rough.  On  the  second  plate 
measures  were  made  on  the  carbon  line  at  X4267  and  Mg  X4481, 
in  addition  to  Hy  and  three  helium  lines. 


18  Aquiiae 

(a  =  i9h 

2m;  5- 

Takcn 
by 

=  +  icT 

55';  Mag. 
elocity 
i         A. 

=  5-1) 
No.  of 
F. 

Lines 
A. 

3 
3 
4 
6 

Plate 

Date 

1903, June  13 
July  4 
Sept.  5 
Sept.  12 

G  M.T. 

Velocity 
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We  have  found  the  lines  in  this  star  difficult  to  set  upon,  and 
the  difference  in  the  values  obtained  by  the  two  observers  is 
unusually  large. 

2  Lacertac  (a  =  221'  iy"1;  5  =  +  46'  2';  Mag.  =  4.8). 
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The  spectrum  on  the  first  plate  is  much  fainter  than  on  the 
other  two,  but  on  re-examination  it  gave  indications  of  the  pres- 
ence of  lines  due  to  a  second  luminous  component,  which  were 
measurable  on  the  second  plate.  These  additional  lines  cannot 
be  seen  on  Plate  88. 
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In  this  spectrum  the  silicon  lines  appear  in  addition  to  those 
of  hydrogen  and  helium,  but  settings  could  be  made  on  only 
one  of  these.     All  the  plates  are  rated  as  good. 


I  Hev.  Cassioptiae  (o  =  23h  25";  8  =  -f  580  o';  Mag.  =  4.8). 
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Plate  168  was  obtained  through  clouds  and  is  underexposed. 
The  lines  in  the  spectrum  are  very  broad  and  diffuse,  and  are 
perhaps  complicated  by  maxima. 

AN    ORION    STAR    WITH    A    GREAT    RADIAL    VELOCITY. 

Five  spectrograms  have  yielded  the  following  values  for  the 
velocity  of  the  star: 

£  Persei  (o  =  3h  53™;  5  =  +  35°   30';   Mag.  =  4.1). 
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The  spectrum  of  this  star  is  excessively  difficult  of  accurate 
measurement,  owing  to  the  breadth,  and  still  more  to  the 
extremely  ill-defined  character  of  its  lines.  Consequently  we 
do  not  regard  the  above  range  of  9  km  in  the  measures  as  a 
real  variation.  Observations  covering  a  longer  interval  may. 
however,  show  the  star  to  be  a  spectroscopic  binary,  and,  in  view 
of  the  very  low  radial  velocities  which  seem  in  general  to  be 
characteristic  of  stars  having  the  Orion  type  of  spectrum,  a  result 
of  this  nature  is,  in  fact,  rather  to  be  expected. 
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BRIGHT-LINE    SPECTRA. 

Recent  plates  which  we  have  obtained  of  the  following  stars 
of  the  Orion  class  show  them  to  contain  bright  lines : 

c  Persei,    a  =  4h  im;  5  =  +  47°  27';  Mag.  =  4.3.     3  plates  by  F. 
25   Ononis,         5    20  +1      45  4.6.     2  plates  by  F.  and  A. 

/3  Piscium,      2259  +3       r7  4-6.     4  plates  by  F. 

As  is  characteristic  of  the  stars  with  this  peculiar  variety  of 
the  Orion  type  spectrum,  the  hydrogen  lines  have  a  double  bright 
component,  which  is  superposed  about  centrally  on  the  broader 
dark  line  or  band.  Bright  U/3  is  especially  conspicuous  on  the 
plates,  partly  from  its  intrinsic  intensity,  and  partly  because  of 
the  weakness  of  the  continuous  spectrum  at  that  region  on  our 
plates.  Bright  Hh  is  only  faintly  visible  on  the  broad  absorption 
line,  following  the  usual  decline  in  intensity  of  such  bright  lines 
as  the  violet  is  approached.  The  helium  lines  at  X4388  and  4472 
and  Mg  4481  are  dark,  but  are  dim  and  diffuse  in  each  §tar. 
The  separation  of  the  components  of  the  bright  hydrogen  lines 
is  least  for  B  Piscium,  and  is  very  wide  for  25  Ononis. 

Eight  plates  of  c  Persei  were  used  in  the  Draper  Catalogue ',  and 
the  spectrum  was  classed  as  A.  Five  each  were  included  for  25 
Orionis  and  £  Piscium,  which  were  respectively  assigned  to  classes 
B  and  A.  The  exposure  times  were  probably  not  suited  to  bring 
out  the  peculiarities  of  the  spectra.  These  stars  were  not  included 
among  those  studied  by  Miss  Maury  and  by  Miss  Cannon  in  Vol. 
28  of  the  Harvard  A?mals. 

The  determination  of  the  true  radial  velocity  is  very  difficult 
for  such  spectra,  but,  as  far  as  we  have  yet  measured  the  plates, 
we  have  not  obtained  certain  evidence  of  a  variation  of  the  radial 
velocities  of  these  three  stars. 

Verkes  Observatory, 
November  15,  1903. 


FURTHER  OBSERVATIONS  ON  THE  SPECTRUM  OF 
THE  SPONTANEOUS  LUMINOUS  RADIATION  OF 
RADIUM  AT  ORDINARY  TEMPERATURES.1 

By  Sir  William  Huggins  and  Lady  Huggins. 

In  the  plate  accompanying  our  paper  on  the  spectrum  of  the 
glow  of  radium  bromide,2  at  least  seven  lines  are  seen  to  agree, 
both  in  position  and  in  intensity,  with  corresponding  lines  in  the 
band  spectrum  of  nitrogen.  We  called  attention  to  other  lines, 
of  which  some  traces  may  be  detected  on  the  plate,  and  we 
suggested  that  with  a  longer  exposure  a  more  complete  spectrum 
would  be  obtained.  One  strong  line  in  the  radium  bromide  glow 
spectrum,  about  X3914,  has  no  similar  line  corresponding  to  it 
in  the  band  spectrum  of  nitrogen  as  given  on  the  plate. 

We  have  since  taken  photographs,  with  longer  exposures,  of 
two  specimens  of  radium  bromide,  one  prepared  by  Buchler  & 
Co.,  and  the  other  received  from  the  Societe  Centralede  Produits 
Chimiques.  In  these  photographs  lines  only  faintly  glimpsed  in 
our  earlier  photographs  can  be  seen  distinctly.  A  photograph 
taken  of  the  French  radium  bromide  with  an  exposure  of  216 
hours  is  reproduced  on  the  accompanying  plate. 

The  coincidence  of  the  spectrum  with  the  band  spectrum  of 
nitrogen  is  shown  to  be  even  more  complete  by  the  presence  of 
a  faint  trace  of  the  next  more  refrangible  band,  beginning  at 
X  2976.7.  In  addition,  some  of  the  fainter  single  lines  of  the 
nitrogen  spectrum  now  come  out  in  the  radium  bromide  spectrum. 

At  the  same  time  that  the  coincidence  down  to  minuter 
details  with  the  nitrogen  band  spectrum  is  brought  out,  the 
strong  outstanding  line,  about  X3914,  is  now  seen  to  be  accom- 
panied by  a  second,  but  less  intense,  outstanding  line  at  about 
X42cSo;  neither  of  which  is  present  in  the  ordinary  band 
spectrum  of  nitrogen,  which  was  the  one  reproduced  on  the 
plate  of  our  first  paper. 

1  From  advance  proofs  of  a  paper  communicated  to  the  Royal  Society,  October  29, 

IQ03. 

2  Astroi'hysr  al  Joijrnal,  18,  151,  1903;  Proc.  R.  5.,  7a,  lo6f  !903- 

390 


cxC 


to 


*+> 

o 

o> 

GO© 

a 

9 

i 

3 

•6 

1 

zl(£ 

m 

E 

oil    oil 

* 
^ 

£ 

zhz 

—  o(  to 

X 
-3 

z. 
I 

ON  THE  SPECTRUM  OF  RADIUM  39 1 

This  nitrogen  band  spectrum  is  the  one  distinguished  by  . 
Deslandres  as  that  of  the  positive  pole,  but  it  appears  at  all 
parts  of  a  vacuum  tube,  and  is  also  produced  when  a  suitable 
induction  coil  discharge,  without  capacity,  is  taken  across  air  at 
the  ordinary  density.  The  nitrogen  spectrum  that  was  measured 
by  Ames  was  taken  by  using  an  end-on  vacuum  tube  closed  with 
a  c-uartz  plate ;  in  his  list  no  lines  are  given  at  the  places  of  the 
two  outstanding  lines  in  the  glow  spectrum. 

When,  however,  the  spectrum  is  taken  of  the  aureole  about 
the  negative  pole  of  a  vacuum  tube  containing  a  residuum  of 
atmospheric  air,  the  ordinary,  or  positive-pole  spectrum  becomes 
enriched  by  a  new  spectrum  of  bands ;  and  in  this  additional 
spectrum  the  heads  of  the  two  strongest  bands  in  the  photo- 
graphic region,  occur  at  the  positions  of  the  two  outstanding 
lines  of  the  radium  glow  spectrum.1  On  the  plate  are  given, 
below  the  more  complete  radium  spectrum  now  obtained,  the 
ordinary  band  spectrum  of  nitrogen,  and  also  the  same  spectrum 
enriched  with  the  bands  peculiar  to  the  aureole  of  the  negative 
pole.  This  latter  spectrum  corresponds  to  that  of  the  radium 
glow.  The  peculiar  conditions,  whatever  they  may  be,  which 
determine  the  presence  of  these  additional  negative-pole  bands 
must  find  their  counterpart  in  the  nitrogen  molecules  when 
under  stimulation  by  the  radium  bromide.  The  additional 
bands  which  show  themselves  in  the  spectrum  of  nitrogen  when 
taken  from  the  glow  at  the  negative  pole  of  a  vacuum  tube  are 
usually  believed  to  be  associated  with  the  stimulation  of  the  very 
rapidly  moving  corpuscles  of  the  cathode  stream.  Accordingly 
the  presence  of  these  negative-pole  bands  in  the  spectrum  of 
nitrogen  when  excited  by  radium  naturally  suggests  whether  the 
8  rays,  which  are  analogous  to  the  cathode  corpuscles,  may  not 

1  Deslandres's  measures,  reduced  to  Rowland's  scale,  of  the  heads  of  these  two 
bands  are  X  3914.4  and  4279.6  (77/tSfs,  1S88,  Gaithier-Vili.ars,  and  Comptts 
Rendus%  101,  1256).  Angstrom  and  Thai.kn  give  4281.6  for  the  less  refrangible  band 
{Nova  Acta  Upsal.  (3),  9,  1 875).  Hassklm-:r(;'s  measure  for  the  head  of  the  less  refran- 
gible band  is  4378.6  {Mem.  de  FAcad.  St.  Pstenb.,  32,  No.  15).  Pkrcival  Lewis  on 
"Some  New  Fluorescence  and  Afterglow  Phenomena  in  Vacuum  Tubes  Containing 
Nitrogen"  (Astrophysicai.  Journal,  12,  8)  found  fluorescent  nitrogen  to  give  a 
band  spectrum ;  and,  in  some  conditions  of  the  fluorescence,  the  most  intense  bands 
were  those  of  wave-lengths  3576.9  and  3371.2. 
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be  mainly  operative  in  exciting  the  radium  glow.  On  this 
surmise  it  would  be  reasonable  to  expect  some  little  extension 
of  the  glow  outside  the  radium  itself.  We  are  unable  to  detect 
any  halo  of  luminosity  outside  the  limit  of  the  solid  radium 
bromide ;  the  glow  appears  to  end  with  sudden  abruptness  at  the 
boundary  surface  of  the  radium.  It  may  be  that  it  is  only  at 
molecular  distances,  and  at  the  moment  of  their  formation,  that 
the  rays  can  excite  the  nitrogen  molecules. 

As  the  glow  spectrum  is  produced  by  the  influence  of  the 
radium  on  nitrogen  at  the  atmospheric  pressure,  it  seemed  to  be 
of  interest  to  find  out  whether  the  negative-pole  spectrum  could 
be  obtained  in  air  at  the  ordinary  pressure.  It  has  already  been 
stated  that  when  a  suitable  discharge  of  an  induction  coil,  with- 
out capacity  in  the  circuit,  is  taken  between  electrodes  in  air,  the 
ordinary  band  spectrum  of  nitrogen  appears.  Separate  photo- 
graphs, therefore,  were  taken  of  the  parts  of  the  discharge  in  the 
close  neighborhood  of  the  two  electrodes/which  were  about  three- 
eighths  of  an  inch  apart.  The  bands  peculiar  to  the  negative- 
pole  of  a  vacuum  tube  were  found  upon  the  plate  taken  of  the 
negative  electrode. 

As  the  radium  glow  consists  of  light  from  nitrogen  molecules 
stimulated  into  luminosity  by  the  presence  of  the  more  active 
radium  molecules,  it  was  reasonable  to  suppose  that  the  bromine 
molecules,  chemically  associated  with  the  latter,  might  also  be 
sufficiently  stimulated  to  reveal  their  presence  by  the  lines  in  the 
spectrum,  peculiar  to  them.  Photographs  were  accordingly  taken 
of  the  poles  of  a  vacuum  tube  containing  traces  of  atmospheric 
air  together  with  bromine  vapor.  The  band  spectrum  of  nitrogen 
appeared  alone  upon  the  plates  when  no  capacity  was  introduced ; 
but  with  the  intercalation  of  a  jar,  the  lines  of  bromine  came  out 
in  the  photopraphs,  in  addition  to  the  lines  of  air.  The  experi- 
ment was  then  repeated  at  atmospheric  pressure  by  enclosing 
platinum  electrodes  in  a  glass  bulb  communicating  with  the 
atmosphere  by  a  narrow  tube.  Photographs  of  the  coil  discharge 
taken  between  them  revealed  the  ordinary  band  spectrum  of 
nitrogen.  A  few  drops  of  bromine  were  then  introduced  into  the 
bulb,   filling  it   with   bromine  vapor.       Photographs  were  again 
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taken  of  the  discharge  in  the  air  now  heavily  laden  with  bromine, 
but  the  spectrum  remained  precisely  the  same  as  before  the  bro- 
mine was  introduced,  namely,  that  of  nitrogen  only. 

We  find  in  this  experiment  possibly  a  sufficient  reason  for  the 
absence  of  any  of  the  lines  of  bromine  in  the  glow  spectrum:  it 
may  be  that  stimulation  from  the  active  radium  molecules  affects 
preferentially  the  nitrogen  molecule,  so  that  this  molecule  can  be 
shaken  into  luminosity  by  a  stimulation  which  is  insufficient  to 
excite  the  bromine  molecule  to  a  comparable  extent. 

The  experiment  then  suggested  itself  whether,  under  similar 
conditions  of  discharge,  radium  itself,  when  placed  upon  the 
electrodes,  would  be  able  to  show  its  presence  by  its  character- 
istic lines  in  the  spectrum  of  the  discharge  taken  between  them. 
The  result  was  negative ;  as  in  the  case  of  bromine,  no  lines  other 
than  those  of  nitrogen  appearing  upon  the  plate.  A  small  jar 
was  then  put  into  the  circuit  and  another  photograph  taken,  when 
the  complete  spectrum  of  radium  came  out  strongly,  but  with- 
out the  band  spectrum  of  nitrogen. 

If,  as  suggested  by  Rutherford,  the  a  rays  are  connected  with 
helium,  the  experiment  seemed  worth  making  of  taking  a  photo- 
graph of  the  spectrum  arising  from  their  bombardment  upon  a 
zinc  sulphide  screen.  It  seemed  possible,  though  not  very  prob- 
able, that  the  encounters  of  these,  bodies,  at  the  enormous  speed 
at  which  they  travel,  with  the  molecules  of  air,  and  their  final 
collision  with  the  screen,  might  on  that  hypothesis  give  rise  to 
some  of  the  radiations  peculiar  to  helium  and  so  produce  its 
spectrum  on  the  plate.  Fortunately  the  strong  continuous  spec- 
trum due  to  the  fluorescence  of  the  screen  ends  abruptly  in  the 
violet  a  little  before  the  place,  at  \  3889,  of  the  strongest  line  of 
helium  in  the  photographic  region,  and  so  leaves  the  spectrum 
quite  free  for  the  detection  of  this  line,  even  if  it  were  only  faintly 
present.  The  result  of  the  experiment,  so  far  as  concerns  helium, 
was  negative;  which  must  not  of  course  be  interpreted  as  exclud- 
ing the  presence  of  helium,  but  only  as  showing  that,  if  present, 
the  conditions  are  not  favorable  to  the  appearance  of  its  spec- 
trum.1 

*M.  Hknri  BixnrKKKl.  has  quite  recently  investigated  the  scintillation  observed 
on  a  phosphorescent  screen  when  excited  by  radium,     lie  comes  to  the  conclusion: 
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On  the  first  photograph  that  was  taken,  the  two  strongest 
lines  of  the  nitrogen  band  spectrum  were  faintly  seen,  but  a 
photograph  with  a  new  screen  and  a  longer  exposure  showed  no 
trace  of  the  nitrogen  bands.  In  the  first  case  it  might  be  that 
some  very  minute  particles  of  radium  bromide  had  attached  them- 
selves to  the  screen,  and  by  their  independent  glow  had  given 
rise  to  the  lines  of  nitrogen  which  were  on  the  photographic 
plate. 

About  one  centigram  of  French  radium  bromide,  which  was 
in  the  form  of  small  particles,  was  put  into  a  very  small  glass 
tube  scarcely  larger  than  was  necessary  to  contain  it.  The  tube 
was  securely  closed  and  left  for  two  months.  As  the  a  rays 
being  unable  to  escape,  would  probably  occupy  the  interstices 
between  the  radium  bromide  particles,  it  seemed  desirable  to 
examine  whether  as  helium,  or  still  in  some  precedent  condition, 
they  would  show  their  presence  in  the  glow  spectrum.  The  tube 
was  exposed,  immediately  in  front  of  the  slit,  for  168  hours. 
The  spectrum  shows  a  strong  continuous  spectrum  from  the 
fluorescence  of  the  glass,  and  faintly  the  bands  of  nitrogen,  but 
no  other  lines  with  certainty.  We  intend  to  photograph  again 
the  spectrum  of  the  glow  from  this  tube,  after  a  longer  time  has 
passed  for  an  accumulation  of  the  a  rays,  and  of  the  gas-like 
emanation. 

When  the  radium  bromide  is  covered  with  a  plate  of  quartz, 
the  continuous  spectrum,  due  to  the  fluorescence  of  the  quartz, 
is  not  only  strong,  but  extends  a  long  way  into  the  ultra-violet. 
It  can  be  traced  on  the  photograph  as  far  as  X2500. 

After  a  few  hours  the  quartz  darkens  under  the  action  of  the 
radium  bromide,  the  brown  stain  extending  through  the  complete 
substance  of  a  plate  one-tenth  of  an  inch  in  thickness.  The 
stain  is  due  probably  to  the  reduction  of  silicon. 

Experiments  were  made  in  the  hope  of  throwing  light  upon 
the  shift  found  in  the  photograph  of  the  radium  glow  spectrumr 

(1)  "Ce  sont  les  rayons  a  qui  provoquent  la  phosphorescence  scintillante ; "  (2} 
**  Ce>  faits  dtabli.ssent  sinon  une  demonstration,  du  moins  une  grande  pre"somption  en 
favour  <le  l'livpothese  qui  attribuerait  la  scintillation  a  des  clivages  provoque's  irre*gu- 
litrement  sur  l'ecran  cristallm  par  Taction  continue  plus  ou  moins  prolonged  des 
rayons  a.''     Cow/>/es  /\t>h/t/s,  137,  633,  634;  October  27,  1903. 
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reproduced  on  the  plate  of  our  first  paper.  As  subsequent  pho- 
tographs of  this  spectrum  were  entirely  free  from  any  trace  of 
shift,  the  shift  found  on  the  first  plate  must  have  been  accidental. 
Repeated  photographs,  taken  with  the  spectroscope  in  different 
positions,  failed  to  show  the  smallest  trace  of  shift  from  flexure. 
The  only  suggestion  we  can  make  in  explanation  is  that  the  piece 
of  solid  radium  bromide  accidentally  shifted  in  its  cell,  so  as  no 
longer  to  be  directly  under  the  slit,  and  in  consequence  the  col- 
limator lens  was  not  wholly  filled  with  light. 

The  results  of  the  experiments  described  in  this  paper  would 
appear  to  show  generally,  if  analogy  with  electric  stimulation 
may  be  assumed,  that  the  radium  stimulation,  whether  we  take 
the  operative  cause  to  lie  in  the  yS  rays,  or  in  the  encounters  of 
nitrogen  molecules  with  the  active  molecules  of  radium  —  by 
which,  for  the  first  time,  a  spectrum  of  bright  bands  in  the 
ultra-violet  region  has  been  obtained  at  ordinary  temperatures, 
and  without  the  intervention  of  an  electric  discharge — from  the 
very  circumstance  of  its  being  of  such  a  nature  as  to  give  rise 
to  the  band  spectrum  of  nitrogen,  is  not  of  a  kind  which  can  elicit 
from  either  the  molecules  of  bromine,  or  of  radium  their  char- 
acteristic line  spectra. 

The  question  suggests  itself  whether  or  not  the  same  inability 
may  hold  in  respect  of  the  helium  molecule,  which  is  easily 
stimulated  by  an  electric  discharge ;  we  have  not  as  yet  made 
experiments  on  this  point. 
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Lehrbuch  der  Physik.  Von  O.  D.  Chwolson.  Bd.  I,  pp.  791. 
Translated  from  the  Russian  into  the  German  by  H.  Pflaum. 
Braunschweig:    Vieweg,  1902. 

The  appearance  of  a  new  compendium  of  physics,  filling  no  fewer 
than  four  octavo  volumes,  is  certain  to  make  one  curious  as  to  the 
features  which  distinguish  it  from  other  treatments  of  a  similar  nature. 
And  since  in  this  particular  case,  alas !  no  similar  treatment  exists  in  the 
English  language,  we  are  driven  to  the  larger  German  treatises,  such  as 
Wiillner  and  Muller-Pouillet,  for  a  basis  of  comparison.  For,  while  the 
Text-book  of  Physics  by  Poynting  and  Thomson  may  well  be  reckoned 
in  this  class,  and  while,  in  a  very  true  sense,  it  will  cover  the  entire 
field  of  physics,  it  is  nevertheless  largely  devoted  to  the  discussion 
of  discrete  problems,  and  begins  by  omitting  the  entire  subject  of 
dynamics. 

As  compared  with  Wiillner's  Lehrbuch,  which  may  perhaps  be  taken 
as  a  typical,  connected  discussion  of  the  whole  subject,  the  most  striking 
contrasts  are  perhaps  the  following: 

1.  Chwolson  gives  a  much  more  elaborate  philosophical  introduc- 
tion, devoting  more  than  fifty  pages  to  questions  such  as  the  classifica- 
tion of  the  sciences,  the  distinction  between  theoretical,  mathematical, 
and  experimental  physics,  the  characteristics  of  a  good  hypothesis,  etc. 
The  author  has  evidently  a  keen  appreciation  of  the  unity  of  his 
science,  for  this  same  philosophical  vein  runs  through  the  entire 
volume.  To  illustrate,  the  spectrometer,  essentially  an  instrument  for 
measuring  angles,  and  usually  handled  under  the  head  of  optics,  here 
finds  discussion  in  a  chapter  on  "Measuring  Instruments,"  where  it 
logically  belongs. 

2.  As  compared  with  Wiillner  or  with  Violle's  Cours  de  Physique, 
the  volume  under  review  contains  much  more  elaborate  references  to 
the  literature  of  each  topic.  These  valuable  bibliographies  are  placed 
at  the  end  of  each  chapter,  and  are  there  grouped  under  the  headings 
of  the  sections,  so  that  really  each  section  is  provided  with  its  own 
bibliography.  The  amount  of  Russian  work  here  cited  will  be  sur- 
prisingly large   to  those  who  still   imagine  that  the  energies  of  this 
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great  nation  are  exclusively  devoted  to  the  arts  of  war  and  to  the  care 
of  Siberian  exiles. 

3.  The  mathematical  discussion  is  the  very  simplest — too  simple, 
we  venture  to  think.  Differential  equations,  even  the  most  elementary, 
are  studiously  avoided.  In  America,  certainly  no  student  would  be 
reading  so  advanced  a  treatment  of  general  physics  without  the  prepa- 
ration to  enjoy  more  elegant  mathematical  methods.  As  illustration 
may  be  cited  the  derivation  —  or  rather  the  lack  of  derivation  —  of  the 
equations  for  damped  vibrations,  p.  156. 

4.  Most  American  readers  will  probably  agree  that  some  of  the 
chapters  are  too  full.  For  example,  the  ninth  chapter  devotes  twelve 
octavo  pages  to  the  "dimensions"  of  physical  quantities.  Is  it  not 
easily  possible  to  put  all  the  essentials  of  this  subject  into  one  quarter 
of  this  space? 

Your  reviewer  is  not  alone  in  thinking  that  a  great  service  would  be 
rendered  English-speaking  students  by  any  competent  physicist  who 
will  give  them  a  treatise  on  general  physics,  along  the  lines  of  Chwol- 
son  —  a  treatise  which  will  fill  the  great  gap  lying  between  the  college 
and  university  text-books,  on  one  hand,  and  the  great  compendium  of 
Winkelmann,  on  the  other  hand. 

H.  C. 


A   Popular  History  of  Astronomy  During  the   Nineteenth    Century. 

Fourth  edition.     By  Agnes  M.  Clerke.     London  :  A.  &.  C. 

Black,  1902.  Pp.  489. 
With  the  fourth  edition  Miss  Clerke  brings  her  well-known  history 
down  to  the  summer  of  1901.  As  with  previous  new  editions,  fresh 
material  has  been  wisely  chosen  and  skilfully  woven  into  the  text,  so 
that  neither  its  value  as  a  book  of  reference  nor  its  literary  charm  has 
been  impaired.  With  great  wealth  of  material  to  be  sifted,  it  is  really 
remarkable  that  so  little  that  is  questionable  has  been  incorporated  and 
that  so  few  researches  of  significance  have  been  overlooked.  Perhaps 
the  most  important  omission  is  that  of  Nichols's  investigations  on  the 
heat-radiation  of  the  stars,  which  were  made  during  the  summers  of 
189(8  and  1900.  One  has  the  impression  also  that  German  astronomers 
do  not  receive  their  full  share  of  attention.  At  any  rate,  the  great  pre- 
ponderance of  English  over  German  references  seems  disproportionate 
to  the  relative  merits  of  German  and  English  investigators.  Of  a  short 
list  of  errors,  typographical   and   otherwise,  in  the  third  edition,  called 
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to  the  reviewer's  attention  by  Dr.  Schlesinger,  the  greater  part  have 
been  corrected  in  the  fourth  edition.  Among  those  that  remain  might 
be  mentioned  that  of  the  parallax  of  61  Cygni,  which  is  still  given  as 
between  o.r43  and  of 47,  although  more  recent  determinations  by  Davis, 
Kapteyn,  Wilsing,  and  others  make  it  practically  certain  that  the  aver- 
age parallax  of  the  two  components  is  less  than  of 40.  There  is  still 
an  error  in  correcting  the  series  contained  in  footnote  5  on  page  71  — 
the  first  member  being  1%,  instead  of  )4  as  given. 

The  illustrations  are  much  improved  in  quality  and  are  supple- 
mented by  a  half-tone  of  the  comet  of  May  1901,  reproduced  from  a 
photograph  taken  at  the  Cape  of  Good  Hope.  To  Table  IV  has  been 
added  a  list  of  radial  and  tangential  velocities  of  selected  stars. 

S.  B.  Barrett. 
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